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ABSTRACT
Traditionally, metals and plastics are fierce competitors in many automotive engineering
applications. This paradigm is gradually being abolished as the polymer-metal-hybrid (PMH)
technologies, developed over the last decade, are finding ways to take full advantage of the two
classes of materials by combining them into a singular component/sub-assembly. By employing
one of the several patented PMH technologies, automotive original equipment manufacturers
(OEMs) have succeeded in engaging flexible assembly strategies, decreasing capital expenditures
and reducing labor required for vehicle manufacture. The basic concept utilized in all PMH
technologies is based on the fact that while an open-channel thin-wall sheet-metal component can
readily buckle under compressive load, with very little lateral support, provided by a thin-wall
rib-like injection-molded plastic subcomponent, the buckling resistance (and the stiffness) of the
component can be greatly increased (while the accompanied weight increase is relatively small).
In the present work, the potential of direct-adhesion PMH technologies for use in loadbearing structural automotive components is explored computationally. Within the direct
adhesion PMH technology, load transfer between stamped sheet-metal and injection-molded riblike plastic subcomponent is accomplished through a variety of nanometer-to-micron scale
chemical and mechanical phenomena which enable direct adhesion between the two materials.
Multi-disciplinary computations are carried out ranging from: (a) computational investigation of
the sheet-metal stamping process including determination of the residual stresses and the extent
of stamped-component warping; (b) computational fluid mechanics of the filling, packing and
cooling stages of the injection-molding process including determination of flow-induced fiber
orientation in the molded plastic and the extent of residual stresses and warping in the injectionmolded sub-component: and (c) structural-mechanics computational investigation of the effect of
injection-molded component residual stresses and warping on their ability to withstand thermal
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loading encountered in the paint shop and mechanical in-service loading. The results obtained
revealed that a minimal level of the polymer-to-metal adhesion strength (5-10MPa) must be
attained in order for the direct-adhesion PMH technologies to be a viable alternative in the loadbearing body-in-white (BIW) components.
In the present work, also various PMH approaches used to promote direct (adhesive-free)
adhesion between metal and injection-molded thermoplastics are reviewed and critiqued. The
approaches are categorized as: (a) micro-scale polymer-to-metal mechanical interlocking; (b) incoil or stamped-part pre-coating for enhanced adhesion; and (c) chemical modifications of the
injection-molded thermoplastics for enhanced polymer-to-metal adhesion. For each of these
approaches their suitability for use in load-bearing BIW components is discussed. In particular,
the compatibility of these approaches with the BIW manufacturing process chain (i.e. (precoated) metal component stamping, BIW construction via different joining technologies, BIW
pre-treated and painting operations) is presented. It has been found that while considerable
amount of research has been done in the PMH direct-adhesion area, many aspects of these
technologies which are critical from the standpoint of their use in the BIW structural applications
have not been addressed (or addressed properly). Among the PMH technologies identified, the
one based on micro-scale mechanical interlocking between the injection-molded thermoplastic
polymer and stamped-metal structural component was found to be most promising.
Lastly, the suitability and the potential of various polymer-powder spraying technologies
for coating metal stampings and, thus, for enhancing the polymer-to-metal adhesion strength in
direct-adhesion PMH load-bearing automotive-component applications is considered. The
suitability of the spraying technologies is assessed with respect to a need for metal-stamping
surface preparation/treatment, their ability to deposit the polymeric material without significant
material degradation, the ability to selectively overcoat the metal-stamping, the resulting
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magnitude of the polymer-to-metal adhesion strength, durability of the polymer/metal bond with
respect to prolonged exposure to high-temperature/high-humidity and mechanical/thermal fatigue
service conditions, and compatibility with the automotive BIW manufacturing process chain. The
analysis revealed that while each of the spraying technologies has some limitations, the cold-gas
dynamic-spray process appears to be the leading candidate technology for the indicated
applications.

Keywords: Polymer Metal Hybrid; Polymer-to-metal Adhesion; Automotive Structural
Components; Polymer Coating Processes
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CHAPTER 1
INTRODUCTION
1.1. Introduction
Lightweight engineering for automobiles is progressively gaining in importance in view
of rising environmental demands and ever-tougher emissions standards. As displayed in Figure
1-1, current efforts in the automotive lightweight engineering involve at least the following five
distinct approaches: (a) Requirement lightweight engineering which includes efforts to reduce
the vehicle weight through reductions in component/subsystem requirements (e.g. a reduced
required size of the fuel tank); (b) Conceptual lightweight engineering which includes the
development and implementation of new concepts and strategies with potential weight savings
such as the use of a self-supporting cockpit, a straight engine carrier, etc.; (c) Design lightweight
engineering which focuses on design optimization of the existing components and sub-systems
such as the use of ribs and complex cross-sections for enhanced component stiffness at a reduced
weight; (d) Manufacturing lightweight engineering which utilizes novel manufacturing
approaches to reduce the component weight while retaining its performance (e.g. a combined
application of spot welding and adhesive bonding to maintain the stiffness of the joined sheetmetal components with reduced wall thickness); and (e) Material lightweight engineering which
is based on the use of materials with a high specific stiffness and/or strength such as aluminum
alloys and polymer-matrix composites or a synergistic use of metallic and polymeric materials in
a hybrid architecture (referred to as polymer metal hybrids, PMHs, in the remainder of this
thesis). Within the present work, suitability of the PMHs for use in load-bearing body-in-white
(BIW) automotive components and a compatibility of the PMH technologies with a current BIW
manufacturing process chain are investigated.
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Figure 1-1: Five Major Approaches to Lightweight Automotive Engineering

1.2. Literature Review
The relevant literature survey for each of the sub-topics covered in the present work is
provided in Chapters 2-5.
1.3. Thesis Objective and Outline
The initial objective of the present work was to examine computationally the potential of
injection over-molding and adhesively bonded PMH technologies for use in load-bearing BIW
automotive components. However, at the half-mark of this project, the sponsor decided to re-
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direct the focus of the present work towards the investigation of direct-adhesion PMH
technology. More specifically, a computational investigation was requested pertaining to the
assessment of suitability of the direct-adhesion PMH technology for use in High-strength steel
load-bearing BIW automotive components. In addition to assessing the potential of this
technology with respect to meeting functional requirements of the components in question,
compatibility of the direct-adhesion PMH technology with a current BIW manufacturing process
chain had to be determined. The organization of the present work is as follows:
In Chapter 2, a comprehensive computational investigation is carried out to determine the
required level of polymer-to-metal adhesion strength for the load-bearing automotive components
hybridized using direct-adhesion PMH technology.
In Chapter 3, an overview and detailed examination is provided for the main
phenomena/mechanisms responsible for polymer-to-metal adhesion .The investigation carried out
in Chapter 3 suggested a potential need for the use of a polymer spraying technology as a way of
achieving the necessary level of polymer-to-metal adhesion strength.
Consequently, in Chapter 4, an overview is provided of the current polymer spraying
technologies and a procedure for the selection of the optimal spraying technology was developed.
In Chapter 5, a comprehensive investigation of the suitability of a direct-adhesion PMH
technology for use in load-bearing BIW automotive components based on high-strength steels is
provided.
Lastly, in Chapter 6, a brief summary and few suggestions for the future work are
presented.
It should be noted that there are several aspects of the present work which are currently
under Invention Disclosure Procedure and hence, cannot be discussed in the present work.
Among these portions of the work are the so-called “clinch-lock direct-adhesion PMH concept”,
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a novel total-life-cycle material selection procedure and a new method for the assessment of
residual stresses in the direct-adhesion PMH components.
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CHAPTER 2
COMPUTATIONAL FEASIBILITY ANALYSIS OF DIRECT-ADHESION POLYMER-TOMETAL HYBRID TECHNOLOGY FOR LOAD-BEARING BODY-IN-WHITE
STRUCTURAL COMPONENTS
2.1. Abstract
The potential of direct-adhesion polymer-metal-hybrid (PMH) technology for use in loadbearing structural automotive components is explored computationally. Multi-disciplinary
computations are carried out ranging from computational fluid mechanics of injection-mold
filling and packing processes, flow-induced fiber orientation analysis, visco-elastic analysis of incavity residual stress developments and structural-mechanics computation of injection-molded
part warping (under the effect of residual stresses) and deflection under simulated thermal loading
encountered in the paint shop and under mechanical in-service loading. The results obtained
helped identify the minimum level of polymer-to-metal adhesion strength and an optimal PMHcomponent architecture which are required in order for the direct-adhesion PMH technology to be
considered a viable (weight-saving, parts-consolidation, manufacturing process-chain compatible)
alternative to the currently used PMH technologies.
2.2. Introduction
In conventional automotive manufacturing practice, metals and plastics are fierce
competitors. The polymer metal hybrid technologies, in contrast, aspire to take full advantage of
the two classes of materials by combining them in a single component/sub-assembly. The first
example of a successful implementation of this technological innovation in practice was reported
at the end of 1996, when the front end of the Audi A6 (made by Ecia, Audincourt/France) was
produced as a hybrid structure, combining sheet steel with elastomer-modified polyamide PA 6 -
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GF 30 (type: Durethan BKV 130 from Bayer). A key feature of hybrid structures is that the
materials employed complement each other so that the resulting hybrid material can offer
structural performance which is not present in either of the two constituent materials
independently.
Currently, polymer metal hybrids (PMHs) are replacing all-steel structures in automotive
front-end modules at an accelerated rate. Moreover, new PMH technologies are being introduced
as alternatives to the over-molding method first established by Bayer. In addition to their
aforementioned use in the front-end modules, PMHs are currently being used in instrument-panel
and bumper cross-beams, door modules, and tailgates applications as well as in non-automotive
applications, ranging from appliance housings to bicycle frames.
The main PMH technologies currently being employed in the automotive industry can be
grouped into three major categories: (a) Injection over-molding technologies; (b) Metal overmolding technologies combined with secondary joining operations; and (c) Adhesively-bonded
PMHs. In the following, a brief description is provided for each of these groups of PMH
manufacturing technologies.
In the injection over-molding process (originally developed and patented by Bayer [2.1]),
metal inserts with flared through-holes are stamped, put in an injection mold and over-molded
with 30% short glass fiber-reinforced nylon 6 to create a cross-ribbed supporting structure. The
metal and nylon are joined by nylon melt penetrating through-holes to form rivets that provide
mechanical interlocks. Because an injection molding press opens in one direction, cross-rib
geometry was initially limited to just two dimensions. Recently, multi-directional ribbing was
produced using this process by adding side motion to the tooling. Significant boosts in the loadbearing capability of U-shaped steel stampings were observed.
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In the metal over-molding PMH technology, which was developed and patented by
Rhodia [2.2] and adopted for the front-end module used on a 2004 light truck in South America, a
steel stamping is placed in an injection mold, where its underside is coated with a thin layer of
reinforced nylon. In a secondary operation, the plastics-coated surface of the metal insert is
ultrasonically welded to an injection molded nylon sub-component. In this process, a closedsection structure with continuous bond lines is produced which offers a high load-bearing
capability. The hollow core of the part permits functional integration like cable housings and air
or water channels. Additionally, gas or water injection-molding can be employed to produce a
stiffer, thinner coating for enhanced load-bearing capabilities and increased functional
integration. A lower-cost variation of the metal over-molding PMH technology is Rhodia’s so
called Plastic-Metal Assembling process. A U-shaped steel stamping with punched holes and a
nylon injection molded component, which contains columns or heat stakes that can lock into the
stamping holes, are produced separately. The two sub-components are subsequently joined by
riveting the ends of the plastic columns using ultrasonic welding or heat staking.
Adhesively-bonded PMHs were developed and patented by Dow Automotive [2.3] and
were introduced in 2003 in prototype form for a Volkswagen front-end module. In this PMH
technology, glass-fiber reinforced poly-propylene is joined to a metal stamping using Dow’s
proprietary low-energy surface adhesive (LESA). The acrylic-epoxy adhesive does not require
pre-treating of the low surface-energy poly-propylene and is applied by high-speed robots.
Adhesive bonding creates continuous bond lines, minimizes stress concentrations and acts as a
buffer which absorbs contact stresses between the metal and polymer sub-components. The latest
LESA grade, grade 74030, provides a good compromise between stiffness and toughness as well
as improved adhesion and faster cure. To help maintain alignment of the sub-components during
curing of the adhesive, snap features are designed into the sub-components. Adhesively-bonded
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PMHs enable the creation of closed-section structures which offer high load-bearing capabilities
and the possibility for enhanced functionality of hybrid parts (e.g. direct mounting of air bags in
instrument-panel beams or incorporation of air or water circulation inside door modules).
While the aforementioned PMH technologies have demonstrated their potential and are
being widely used in various non-structural and load-bearing automotive components, they
nevertheless display some significant shortcomings. For example, in many applications, to
maintain the structural integrity of the part hole punching needed for polymer-to-metal
interlocking in the injection over-molding process may not be allowed. Similarly, stamped-edges
over-molding may be restricted. In the case of adhesively bonded PMHs, the adhesive cost, long
curing time and the ability of the adhesive to withstand aggressive chemical and thermal
environments encountered in the paint-shop during body-in-white (BIW) pretreatment and E-coat
curing may be an issue. Consequently, alternative lower-cost PMH technologies for structural
load-bearing BIW component which are compatible with the BIW manufacturing process chain
are being sought. One of such technologies, which is the subject of the present work, is the so
called direct-adhesion PMH technology in which the joining between the metal and thermoplastic sub-components is attained through direct adhesion of injection-molded thermo-plastics to
the metal without the use of interlocking rivets/over-molded edges or structural adhesives. There
are several potential advantages offered by this technology over the ones discussed above: (a)
Polymer-to-metal adhesion strengths (ca. 35MPa) comparable with those obtained in the case of
thermo-setting adhesives are feasible but only at a small fraction of the manufacturing cycle time;
(b) The shorter cycle time and the lack of use of an adhesive allow for more economical PMHcomponent production; (c) Unlike the adhesive-bonding technology, joining is not limited to
simple and non-interfering contact surfaces; (d) Reduced possibility for entrapping air in
undercuts of a complex surface; (e) No holes for the formation of interlocking rivets are required
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and, hence, structural integrity of the part is not compromised; and (f) Overall reduction in the
constraints placed upon the design complexity of the PMH component.
In this chapter, a comprehensive multi-disciplinary computational analysis is carried out
in order to assess the potential of the direct-adhesion PMH technology for use in load-bearing
BIW structural components. The analysis included: (a) detailed numerical simulation of the
filling (including flow-induced fiber orientation), packing, and cooling stages of the injection
molding process; (b) an anisotropic thermo-visco-elastic computation of the thermally and
pressure-induced (in-mold residual) stresses in an injection molded fiber-reinforced polymermatrix composite insert; (c) structural mechanics analysis (based on the use of multi-layer shell
elements) of shrinkage and warping caused by the relaxation of the stresses after part ejection;
and (d) structural mechanics analysis (including the effect of adhesion-based load transfer
between the metal stamping and plastic injection molded insert) of the component stiffness and
strength under several simple monotonic loading modes and under creep.
The organization of the chapter is as follows: An overview of the geometrical, material
and structural models and the computational procedures is presented in Section 2.3. The results
obtained in the present work are presented and discussed in Section 2.4. The main conclusions
resulting from the present work are summarized in Section 2.5.
2.3. Problem Formulation and Computational Analysis
2.3.1. Geometrical and Structural-Mechanics Modeling of Control BIW Structural Component
Structural components in the BIW generally consist of two (flanged) metal stampings
(shells) which are subsequently spot welded along the length of the flanges. Typically one of the
stampings has a (flanged) U-shape while the other is either a U-shape or a “cover plate”. The
resultant closed-box configuration generally provides a good combination of (compressive,
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bending and torsional) stiffnesses and strengths but, in the case of the all-steel construction, the
weight of the components is relatively high.
To assess the potential of the direct adhesion PMH technology in load-bearing BIW
structural components, a simple geometrical model for the generic BIW structural component is
used in the present work, Figure 2-1(a). The sheet metal thickness is set to 1mm, while the other
dimensions of the part are indicated in Figure 2-1(a). Both parts are made of a dual-phase steel
with the Young’s modulus E=210GPa, Poisson’s ratio ν=0.3 and the yield strength σy=350MPa.
The U-shape and the cover plate are joined using 5mm-diameter 25mm-spaced spot welds and a
provision is made for the matching flanges of the U-shape and the cover plate to contact each
other during loading. The resulting box-shape component is used as a control during a finiteelement structural-mechanics investigation in order to assess the mass-based load-bearing
efficiency of the corresponding PMH component (discussed in next section). In such analysis,
4400 and 2800 triangular shell elements are used for the U-shape and the cover plate,
respectively. The U-shape and the cover plate are joined using 200 spot welds and a hard-contact
(with friction) algorithm is used for modeling the potential contact between the two parts along
the flange surfaces of the U-shape. Spot welds are modeled as fasteners in which the coupling
constraint is distributed to a group of nodes on the joined surfaces in the immediate neighborhood
of the attachment point called “a region of influence”. The structural-mechanics analysis is
carried out using ABAQUS/Standard 6.6, a general purpose finite element (FE) package [2.4].
During the FE analysis, all the nodes on one end of the box-shape component are fixed while the
corresponding nodes on the other end are displaced in accordance with the basic loading modes:
(a) axial compression in the x-direction; (b) bending in the y-direction; (c) bending in the zdirection and (d) twisting about the x-axis. The resulting load-displacement and torque v/s twist
angle curves are presented and discussed in Section 2.4.1. A standard mesh sensitivity analysis is
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carried out to ensure that the results obtained are essentially invariant to further mesh-size
refinements.

(a)

Spot
Welds

Flanged U-shape
Stamping

10mm
1,500mm

Cover Plate

75mm

35mm

(b)

Un-flanged U-shape
Stamping

z
Cross Rib

Overlay

x

Vertical
Rib
y

Figure 2-1: Geometrical Models (with dimensions) for: (a) the Control All-steel BIW Structural
Component and (b) the Corresponding Direct-adhesion PMH component
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2.3.2. Geometrical and Structural-mechanics Modeling of BIW Polymer Metal Hybrid Structural
Component
To assess the potential of the direct adhesion PMH technology in BIW structural
components, the control BIW structural component described in the previous section is modified
in the following way: (a) the flanges are removed from the U-shape channel; (b) the cover plate is
eliminated; and (c) a plastic insert consisting of an overlay (mates with the interior of the U-shape
channel) and a series of “vertical” and “cross” ribs is added. To ensure that the plastic insert will
not be affected by welding of the U-shape channel ends to the BIW structure, the length of the
insert is set to 90% of the U-shape channel length and it is center relative to it lengthwise. A set
of 19 (or 16 or 13) vertical and 18 (or 15 or 12) cross ribs is used, Figure 2-1(b). As in the case of
the control component, four basic loading modes are applied to the hybrid component to carry out
a structural-mechanics analysis using ABAQUS/Standard. The (un-flanged) U-shape steel
channel was represented using 3600 triangular (single layer) shell elements. The plastic insert, on
the other hand, is made of Durethan BKV 130 H2.0 (a 30wt. % glass-fiber filled Nylon 6,
elastomer modified with enhanced heat-age resistance). The insert is represented using 6160 (20layer) shell triangular elements. The (planar isotropic) thermo-mechanical properties of each layer
of the material are obtained as a result of the mold filling analysis (discussed in next section). The
hybrid component is assumed to be processed by placing the U-shape channel into the mold as an
insert and injection molding the plastic insert against it. Since in many applications the structural
integrity of the U-shape channel cannot be compromised by punching-out holes (used in the
injection over-molding technology to join the plastic and the metal via formation of a plastic
rivet), such holes were not used in the present work. Likewise, since over-molding of the
stamping edges may be restricted, no edge over-molding was considered. In other words, joining
of the metal and the plastic is considered to rely completely on their mutual adhesion. The
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adhesion between the metal and the polymer is treated, in the FE structural analysis, using
specialized cohesive elements. Through the use of a traction-separation relation, such elements
allow modeling of the initial loading, the initiation of damage, damage-induced adhesion
stiffness/strength degradation and the propagation of damage leading to eventual decohesion of
the adhering surfaces under different normal and shear loading modes. The load vs. displacement
and torque vs. twist angle results obtained in the present structural-mechanics analysis are
overviewed and discussed in Section 2.4.4.
2.3.3. Modeling of Injection-molding Fabrication of BIW Polymer Metal Hybrid Structural
Component
Thermoplastics injection molding is a widely used manufacturing process for producing
parts/components with a high degree of geometrical complexity. A typical injection molding
process involves four distinct stages: (a) filling of the mold with molten thermoplastics; (b)
packing – injection of additional material into the mold under high pressure to compensate for the
cooling-induced volumetric shrinkage of the material; (c) cooling which gives rise to the
solidification of the material residing in the mold; (d) ejection of the solidified part/component
from the mold. During the filling, packing and cooling stages of the injection molding process,
the material is subjected to complex thermo-mechanical loading which gives rise to the changes
in local specific volume (density), part shape as well as to the development over the residual
stresses in the part. In other words, while the (thin-wall) part resides in the mold, it is constrained
within its mid-plane causing the (residual, built-in) stresses to develop in the part during
solidification of the melt. Upon ejection, these stresses relax causing distortion/warping and
further shrinkage of molded part. Further warping and shrinkage of the part may occur during
cooling of the ejected molded part.
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To take into account the fact that the plastic insert was injection molded and made of
glass-fiber filled thermo-plastics, and hence, may possess residual stresses at the moment of
component ejection from the mold and possess a heterogeneous, non-isotropic material, the
following analyses were conducted: (a) identification of the optimal placement and the number of
polymer injection points; (b) mold filling analysis which yielded the filling time, the through-theshell-thickness fiber orientation in the material and in-cavity residual stresses; (c) plastic insert
shrinkage and warping analyses after part ejection from the mold under constraints imposed by
the U-shape channel; and (d) structural-mechanics analysis of the PMH component for
comparison with the all-steel control component (discussed in the previous section). The analyses
(a) and (b) were carried out using Moldflow Plastics Insight 6.0 [2.5] while the analysis (c) and
(d) was determined using ABAQUS/Standard [2.4].
In the injection molding analysis carried out in the present work, it was assumed that a
Netstal commercial injection molding machine Model 4200H-2150 is used with the following
specifications: (a) The injection unit - maximum machine injection stroke = 248mm, maximum
machine injection rate = 5024 cm3/s, machine screw diameter = 80 mm; (b) The hydraulic unit maximum machine hydraulic pressure = 17.5MPa, intensification ratio = 10.0, machine hydraulic
response time = 0.2s; and (c) The clamping unit - maximum machine clamp force = 3800 ton.
Also the injection molding is assumed to be done under the following process parameters: Filling
stage- melt temperature=563K, injection rate=400 cm3/s, velocity/pressure switchover at 99%
volume filled; Packing stage - time=10s, pressure=80MPa; Cooling stage - mold surface
temperature=363K, ejection temperature=458K, fraction of solid phase at ejection=1.0; Mold
material – tool steel P20; Thermoplastics material - Durethan BKV 130 H2.0 (an elastomermodified Nylon 6 filled with 30wt.% of glass fibers and heat-age stabilized).

14

2.3.3.1. Optimal Placement and Number of Injection Points
Before simulations of the injection molding process can be carried out, the optimal
placement and the number of injection points has to be determined. The gate location analysis
employed in the present work uses the part geometry, the selected material and the specified
process settings and relies on the following criteria: molding feasibility and the achievement of
balanced flow, so that areas furthest away from the gate(s) (i.e. injection point(s)) are filled at
approximately the same time [2.5]. To ensure that small enough plastics-wall-thicknesses can be
injection molded, two gates (one attached to the first and the other to the last vertical rib) are
utilized in the present work.
2.3.3.2. Mold Filling/Packing, Fiber Distribution and In-cavity Residual Stress Analyses
In this section, a brief description is given of the mold filling/packing, fiber orientation
and in-mold residual stress computational analyses carried out in the present work.
Initial computational efforts reported in the literature were focused on predicting pressure
and temperature distributions and melt-front advancement during mold filling [2.6-2.11]. Over
the last several years, however, post-filling phenomena such as part in-mold stresses, fiber
orientation distribution, shrinkage and warping received more attention [2.12,2.13]. While the
early efforts were mainly empirical [e.g. 2.13], subsequent work was more fundamental and
relied on more realistic materials models [e.g. 2.14].
Mold-filling Analysis
The mold filling process is governed by the following conservation equations:
Momentum Conservation:

σ ij , j = 0

(2.1)
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Mass Conservation:

Dρ
+ ρν i ,i = 0
Dt

(2.2)

Energy Conservation:

ρ cp

DT
T ∂ρ Dp
∂χ
= kT i ,i + σ ij D ij −
+ ρc H c
Dt
ρ ∂ T Dt
∂t

(2.3)

where the Cartesian index notation is used in Eqs. (2.1)-(2.3), the repeated indices imply
summation, and a comma denotes partial differentiation with respect to the coordinate, D/Dt is
the material derivative,

σ ij denotes the total stress tensor, ρ = ρ (T , p ) represents the fluid

density at local temperature, T and pressure, p,

νi is

pressure specific heat, k is the thermal conductivity,

the velocity vector, c p is the constant-

ρc

is the solid-material density,

Hc is the

latent heat of solidification, χ is the extent of crystallinity and Dij is the strain-rate tensor defined
as Dij = (ν i, j +ν j ,i ) / 2 . For semi-crystalline materials, an additional governing equation, the rate
of crystallization equation, has to be specified in addition to Eqs. (2.1)-(2.3).
When injection molding of thermo-plastics filled with fibers is considered, as is the
present case, the flow field is generally assumed to be independent of the orientation distribution
of the fibers. In other words, the mold-filling and packing analyses are de-coupled from the fibers
orientation analysis. This assumption is strictly justified only in the case of injection molding of
the thin-walled parts, as is the present case, in which the fibers are oriented nearly parallel to the
mid-plane and, hence, their interaction with the melt flow is limited [2.15-2.20]. The conditions
which have to be satisfied in order for the influence of the fibers on the fluid motion to be
neglected can be found in Ref. [2.21].
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When the mold filling of thin-wall parts is analyzed, as is the present case, the following
two “lubrication” approximations are generally made: (a) Through-the-thickness-variations in
pressure are neglected; and (b) The pressure field is taken to satisfy Hele-Shaw (elliptic) equation
of the form:
h/2

1 Dp
dx
ρ Dt 3
−h / 2

∇ ⋅ (S ∇ p ) = ∫
where

(2.4)

∇ denotes the gradient operator with respect to the mid-plane, S the flow conductance

factor which depends on melt viscosity and the cavity thickness, h, and

x3 , the local thickness

coordinate. The shear-rate, pressure and temperature dependencies of the material viscosity are
accounted for through the use of a Cross model [2.14].
Eq. (2.4) was subjected in the present work to the following boundary conditions: (a)
Either the inlet-flow rate or the pressure boundary condition is defined at the injection points
(gates); (b) A zero-pressure condition is defined on the advancing flow front; and (c) A zeronormal-pressure gradient ∂p / ∂n = 0 is specified over the mold-cavity-surface. These conditions
do not ensure a no-slip condition over the mold-cavity-surface, which may allow the fluid to
“slip”. The resulting inaccuracies in the velocity-field predictions, however, were found not to be
significant [2.22]. Since Eq. (2.4) considers only the flow parallel with the local mid-plane, it
cannot be used to model the fountain flow. The resulting inaccuracies in the temperature and
fiber-orientation predictions in the outermost layers of an injection molded part were corrected
using one of the local approximations [2.10].
To obtain temporal and spatial evolutions of the pressure during filling, Eq. (2.4) is
solved numerically using the conventional Galerkin finite element method (within a local
coordinate system in which the x1 axis coincides with a line connecting the first two nodes of a
given element and the x1 and x2 axes define the mid-plane). Three-node triangular elements are
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used to discretize the mid-plane of the part while two-node beam elements to model the runner
system. Before element-based equations are assembled, a local-to-global coordinate
transformation is applied to obtain a full three-dimensional computational model.
The flow front is tracked using the standard node-centered control-volume approach [2.5]. After
the governing equation for pressure is solved, the flow rate into each node located on the flow
front is calculated. This is used in conjunction with a given time step to determine if the control
volume associated with the node in question is filled. If the control volume is filled, the flow front
is advanced to the node in question.
To obtain spatial and temporal evolutions of temperature during mold filling (and
packing). Eq. (2.3) is solved numerically in such a way that the convection and viscous
dissipation terms from a previous time step are treated as source terms during the current time
step. Fast heat conduction over the steel U-shape and mold surfaces is accounted for using a
cycle-averaged (constant and uniform) temperature boundary condition at the U-shape/polymer
and mold/polymer interfaces. The cycle-averaged temperature of the U-shape and mold surfaces
is obtained by solving a three-dimensional steady-state heat conduction equation using a
boundary element method [2.23]. Due to a lack of reliable data, no effect of thermal contact
resistance (which may lead to a temperature discontinuity) at the U-shape/polymer and
mold/polymer interfaces is considered. Likewise, no assumption that the flow and temperature
fields are symmetrical about the mid-plane is employed since this may lead to incorrect
predictions in the part warping upon ejection (e.g. [2.24,2.25]).
Fiber Orientation Analysis
For accurate predictions of the shrinkage and warping of an injection-molded part made
of fiber-filled thermo-plastics, knowledge of the (flow-induced) fiber-orientation distribution
throughout the part is critical [e.g. 2.26-2.28]. Since most commercial fiber-filled thermo-plastics
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commonly used for injection molding can be classified as semi- or highly-concentrated
suspensions, fiber/fiber interactions and spatial constraints to the fiber motion may significantly
affect the final fiber-orientation distribution in the part.
Fiber/fiber interactions are accounted for, in the present work, using Folgar and Tucker
model [2.26]. In this model, a suspension-specific isotropic parameter, CI, called the “Interaction
Coefficient” is introduced in the diffusion term of the equation of motion for an isolated fiber in a
Newtonian fluid originally proposed by Jeffery [2.29]. The value for CI is assessed using direct
numerical–simulations of fiber/fiber interactions within simple-shear flow [2.27] in which shortrange interactions are quantified using a lubrication model [2.30] while long-range interactions
were calculated using a boundary element method.
The orientation of a fiber is typically defined using the unit vector p which is collinear
with the fiber axis. The fiber-orientation probability-distribution function is then defined using
the second, − aij = pp , and the fourth, aijkl = pppp , order orientation tensors, where the
angular brackets denote the ensemble average. The Folgar-Tucker model is then defined by the
following equation [2.31]:

Da ij
Dt

= ω ik a kj − aik ω kj + λ (Dik a kj + aik D kj − 2 D kl aijkl ) + 2C I γɺ (δ ij − α a ij )

where λ = (aR −1) /(aR +1) is a function of the fiber aspect ratio a R ,
2

2

(2.5)

ωij = (ν i , j −ν j ,i ) / 2 is the

2
local vorticity, γɺ is the generalized shear rate defined as γɺ = 2 Dij Dij ,

δ ij the Kronecker delta

and α a constant (=3 for three-dimensional and =2 for planar-orientation distribution of fibers)
introduced in order to satisfy the condition trace pp = 1 . Before Eq. (2.5) can be solved, the
fourth-order tensor needs to be expressed in terms of the second-order tensor using a “closure
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approximation”. There are a number of such approximations proposed in the literature [e.g. 2.322.35].
Direct simulations of simple-shear flow yields the final fibers orientation unit normal, p,
(as a function of the initial fiber orientation, aspect ratio, the number density in the suspension
and the shear-strain magnitude) and, in turn, the components of the second- and fourth-order
orientation tensors aij and aijkl . These are next used in the following anisotropic rotary diffusion
equation:

Daij
Dt

= ωik akj − aik ω kj + λ (Dik akj + aik Dkj − 2 Dkl aijkl ) _ 3γɺ (C jk akj + C jk aik )
+ 6γɺCkl aijkl + 2γɺ (Cij − Ckk aij )

(2.6)

to determine the interaction coefficient C I . In Eq. (2.6), the original Folgar-Tucker isotropic
diffusion coefficient CI δij has been replaced by a symmetric second-order tensor Cij to account
for the material anisotropy. The differences in values of the three eigen-values of this tensor
reflect the extent of material anisotropy. The tensor Cij determined in this way is next used in
simulations of the fibers-orientation evolution during the filling stage of the injection molding
process. In the present work, the largest eigen-value is found to be more than 25 times larger than
the smallest eigen-value suggesting that, for an accurate determination of the fibers orientation,
the use of the anisotropic rotary diffusion equation, Eq. (2.6), is critical. Eq. (2.6) is solved
numerically using the explicit Euler time-differencing scheme with a time step which is smaller
than that used for the flow front advancement analysis and which satisfy the following Courant
stability criterion:

∆t f <

∆x

(2.7)

ν

20

where

∆x represents the size of an element and ν the magnitude of the velocity. For triangular

elements,

∆x is defined as the minimum of the distances between the centroid and each of the

three nodes, while ν is generally taken as the flow speed at the mid-plane. For the initial value
problem defined by Eq. (2.6), initial values of the fiber-orientation tensors in the elements which
are associated with the gates have to be specified. While the exact fibers orientations at the gates
locations are usually unknown, the choice of the initial condition has been found to have little
impact on the final orientation distribution of the fibers [e.g. 2.55].
As mentioned earlier, the Hele-Shaw approximation does not include the effect of the
lateral mold-walls on the advancement of flow field which, in turn, can lead to incorrect
predictions of the fibers orientation in the outermost layers of an injection-molded part. This, in
turn, may lead to incorrect prediction of the part warping. To overcome these shortcomings, two
ad-hoc remedies are used in the present work: (a) a vanishing tangential velocity along the mold
walls is imposed during fiber-orientation calculations when computing velocity gradients from
the velocity field; and (b) an “infinite-aspect-ratio” assumption is used for the fibers near the
mold walls [2.15].
Mold-packing Analysis
While the packing phase of the injection molding process is governed by the same
conservation equations as the filling phase, an additional equation, the equation of state (also
known as the P-V-T relation), must be defined in order to include the effect of melt
compressibility. The P-V-T relation defines a functional relationship between the specific
volume, Vˆ , temperature, pressure, and cooling rate as:

∂T
Vˆ = Vˆ ( p , T ,
)
∂t

(2.8)
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The type of the P-V-T relation used in the present work is discussed in Appendix A. It
should be noted that the cooling rate dependence of the specific volume, as indicated by Eq. (2.8),
is generally considered only in the case of semi-crystalline polymers. It should be further noted
that a number of material properties (such as volume thermal expansion coefficients and
compressibility) and their temperature and pressure dependencies can be derived from the
equation of state. Also, the P-V-T relation is used to represent various phase transformations such
as freezing/melting, crystallization, and ductile-to- glass-transition.
In-mold Stress Analysis
There are two main sources for residual stresses in injection molded parts: (a) Viscoelastic deformations of the thermoplastic material during filling/packing can give rise to the
development of the so called “flow-induced” residual stresses; and (b) When the
(inhomogeneous) cooling- and solidification-induced shrinkage of the polymer is restricted by the
mold and the applied packing pressure, the so-called “thermally and pressure-induced” stresses
are generated. Following the general practice, the flow-induced residual stresses are neglected in
the present work, since these are readily relieved while the part resides in the mold at high
temperatures prior to ejection. There are numerous reports of numerical investigations of the
pressure and thermally-induced stresses in injection molded parts in the literature [e.g. 2.36-2.45].
These investigations clearly revealed the effects of mold constraints and thermo-plastics material
models on the extent and distribution of the residual stresses.
As the injected material begin to cool inside the mold, its relaxation time starts to
increase and to approach the in-mold resident time. Hence, an accurate prediction of the thermal
stresses entails the knowledge of the visco-elastic material properties. In the range of small
strains, as is the present case, the visco-elastic behavior of an injection-molded fiber-filled
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thermo-plastics can be described using the anisotropic linear thermo-visco-elasticity [2.46,2.47]
in the form:

∂T 
 ∂ε kl
− α kl
 dt ′
′
∂t 
 ∂t

t

σ ij = ∫ cijkl (ξ (t ) − ξ (t ′ )
0

(2.9)

where cijkl (t ) is the forth-order visco-elastic relaxation tensor and ξ (t ) denotes the so-called
“pseudo-time scale” defined by:

ξ (t ) =

t

1

0

T

∫a

dt ′

(2.10)
where a T is the time-temperature shift factor that reflects the inter-changeable effects of time
and temperature on the material response. For amorphous polymers, the time-temperature shift
factor in a temperature range between Tg and Tg + 100K (where Tg is the glass transition
temperature) is generally defined by the so-called WLF equation [2.48] in the form:

log10 aT = −

C1 (T − Tr )
C2 + (T − Tr )

(2.11)

where C 1 and C 2 are constants and Tr is a reference temperature. When the relevant
experimental data are lacking for a given material and the values for constants C 1 , C 2 and Tr ,
cannot be assessed, the so-called “universal values” C1 = 17 .44 , C 2 = 51.6 , Tr = Tg are used.
For temperatures outside the above range or for semi-crystalline materials, the following
Arrhenius-type expression is generally used to assess the time-temperature shift factor:

ln aT =

Ea
R

1 1
 −
 T Tr





(2.12)
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where

Ea is the activation energy and R the universal gas constant.
Materials obeying the time-temperature superposition principle are generally referred to

as thermo-rheologically simple materials. In such materials, visco-elastic material functions
determined at one temperature and plotted against the logarithmic time remain essentially
unaltered when the temperature is changed. While fiber-filled thermo-plastics generally behave as
rheologically-complex materials, the material used in the present work is treated as being
rheologically simple due to a lack of experimental data needed to evaluate the necessary
parameters. To compute the in-mold stresses, the following procedure is utilized. First, the totalstress second-order tensor in Eq. (2.9) is decomposed into the hydrostatic stress and the deviatoric
stress as:

σ = − ph I + τ
where

(2.13)

ph is the hydrostatic pressure, I the second-order identity tensor and τ the deviatoric

stress tensor. While residing in the mold, the part is considered to be fully constrained within the
local element-based 1-2 mid-plane. The resulting hydrostatic pressure is then defined as:
t

1
 ∂T

p h = − σ ii = ∫  β
− KTr εɺ 
′
∂t
3

0

(2.14)

where β and K are given in terms of the elastic constants cij and thermal

αi

material properties

(using the contracted notation) as:

β=

[(

) ]

1 (e)
(e)
( e)
(e)
(e)
c11 + c12( e ) + c13( e ) α1 + c12( e ) + c22
+ c23
α 2 + c13( e ) + c23
+ c33
α3
3

(2.15)

1 (e)
(e)
(e)
c13 + c23
+ c33
3

(2.16)

)

(

)

(

and

K=

(

)
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Since, in injection molded parts, the fibers generally lie in the (flow) mid-plane, the fiber
direction is chosen as the material 1-direction while the material 3-direction is aligned with the
corresponding through-the-thickness direction.
The normal components of the deviatoric stress are given as:
t

τ ii (t ) = 2 ∫ Gi (ξ (t ) − ξ (t ′))

∂ε ijd
∂t

0

t

dt ′ − ∫ β i (ξ (t ) − ξ (t ′))
0

∂T
dt ′
∂t

(2.17)

d
where ii = 11, 22, 33, i=1, 2, 3, ε ij is the deviatoric strain defined as:

1
3

ε ijd = ε ij − Tr εδ ij

Gi (t ) = Gi (0)F (t)

(2.18)

(i = 1, 2, 3)

(2.19)

(i = 1, 2, 3)

(2.20)

and

βi (t) = βi (0)F(t)
with

G1 (0) =

1 (e)
(e)
c23 − c13( e ) + c33
2

β1 ( 0) =

1
( e)
( e)
(e)
(e)
2c11( e ) − c12( e ) − c13( e ) α1 + 2c12( e ) − c22
− c23
α 2 + 2c13( e ) − c23
− c33
α3
3

(

[(

)

(2.21)

)

(

)

(

) ]

(2.22)
and G 2 ( 0 ) ,
that all

G3 (0) , β 1 ( 0 ) and β 2 ( 0 ) are defined using analogous expressions and it is assumed

Gi (t) and βi (t) depend on the same relaxation function F (t ) . The relaxation function is

approximated as a sum of weighted exponential functions as:
N
 t 

F (t ) = ∑ g k exp  −
k =1
 λk 

(2.23)
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N

with

∑g

k

= 1 . The current model for F (t ) requires the knowledge of N ( gk , λk ) pairs of

k =1

values.
Computations of the pressure and thermally-induced in-mold stresses via Eqs. (2.14) and
(2.17) are carried out under the following assumptions and boundary conditions:
Assumptions:
1. The shear strains

ε13 = ε 23 = 0

with respect to the local coordinate system in which

x3-direction is normal to the mid-plane;
2. The normal stress

σ 33

is constant across the element thickness;

3. As long as σ33 < 0 , the injected polymer is considered to be in contact with the Ushape/mold;
4. Before ejection, the part is fully constrained within the mid-plane so that the only nonzero component of the strain is

ε33 .

5. The U-shape and the mold are assumed to be rigid.
Boundary Conditions:
When specifying the boundary conditions for the normal stress σ 33 , the following three
cases are considered:
1. When the part resides in the mold and the injected material contains both a solid outerlayer and a liquid core, the normal stress

σ 33

is set equal to the negative fluid pressure,

σ 33 = − p . In addition, all strain components except for ε33 are set to zero.
2. When the part resides in the mold and the injected material has completely solidified,
the part may either be in contact with the U-shape/mold or be detached from it. In the first case,
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σ 33 is

h/2

determined using the condition:

∫ε

33

dx 3 = 0 . In the latter case,

σ33 = 0 .

Again, all

−h / 2

strain components except for

ε33 are set to zero.

3. After the part is ejected from the mold, no external loads are applied to it and, hence,

σ 33 is

determined from the following zero-surface-traction boundary condition:

σ ij n j = 0 ,

where nj is jth component of the plastic-insert unit outward surface normal except for the insert
surfaces which adhere to the U-shape. It should be noted that the residual stresses (present in the
plastic insert just prior to ejection) are used as the initial-stress conditions in the subsequent postejection shrinkage and warping analysis of the PMH component.
The pressure and thermally-induced stresses at time
scheme based on the known stress state at time

tn+1 are computed using a numerical

tn . Toward that end, Eq. (14) is first re-written as:

ph (tn+1) = ph (tn ) + β∆T − KTr∆ε
where ∆ T and

(2.24)

∆ε are the changes in T and ε , respectively, during time step ∆t = tn+1 − tn .

Next, a discrete formulation of Eq. (2.17) for the τ 11 normal deviatoric stress is developed
by substituting Eqs. (2.19), (2.20) and (2.23) into Eq. (2.17) to get:

τ 11 (t ) = ∑ [s11( k ) (t ) − Θ1( k ) (t )]
N

(2.25)

k =1

where

 ξ (t ) − ξ (t ′)  d
dε 11 (t ′)
(t ) = 2G1 ( 0) g k ∫ exp  −
λk


0
t

(k )
11

s

and

27

(2.26)

t
 ξ (t ) − ξ (t ′)  d
dε 11 (t ′)
Θ1( k ) (t ) = β1 (0) g k ∫ exp  −
λk


0

(2.27)

Differentiation of Eq. (26) with respect to t then yields:

ds11 1 d ξ
dε d
+
s11 = 2G1 ( 0 ) g k 11
λ dt
dt
dt

(2.28)

The differential equation, Eq. (28), is next discretized as:

s11 (t n+1 ) − s11 (t n ) 1 dξ
∆ε
+
s11 (t n+1 ) = 2G1 (0) g k
∆t
λ dt
∆t

(2.29)

so that

[

s11( k ) (t n+1 ) = ξ k s11( k ) (tn ) + 2G1 (0) g k ∆ε 11d

]

(2.30)
−1

 ∆ξ 
∆t
 and ∆ ξ is approximated by: ∆ξ =
where ξ k = 1 +
.
λk 
aT

A similar procedure applied to Eq. (2.27) yields:

[

Θ1( k ) (t n+1 ) = ξ k Θ1( k ) (t n ) + β1 (0) g k ∆T

]

(2.31)

The procedure presented above yields a formula for updating τ 11 . The same procedure is
next applied to obtain the analogous formulae for τ 22 and τ 33 . Since the chosen coordinate system
coincides with the fiber-reinforced material principal coordinate system and the fibers are
assumed to lie parallel to the mid-plane, the in-plane shear stress τ 12 is zero. However, after the
coordinate system is transformed to the local element-base coordinate system, the in-plane shear
stresses take on no-zero values.
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Next, a procedure for the calculation of the incremental strain

∆ε 33 is discussed.

According to the assumption 4 presented above, the following relations are implied:

Tr(∆ε ) = ∆ε 33
(2.32)

1
d
∆ε 11d = ∆ε 22
= − ∆ε 33
3

(2.33)

2
∆ε 33
3

(2.34)

∆ε 33d =

Since the stress

σ 33

is given as a boundary condition, the incremental strain component

∆ε 33 at the time interval (tn , tn+1) can be calculated using σ 33 ( tn+1 ) and its value at the
previous time step

tn . The stress component σ 33 ( tn+1 ) can be expressed as:



4
3

N



k =1



σ 33 (t n+1 ) = σ 33* +  K + G3 (0)∑ ξ k g k ∆ε 33


where

(2.35)

σ 33* is given by:

σ 33* = − ph (t n ) + β ∆T + ∑ ξ k [Θ3( k ) (t n ) + β 3 (0) g k ∆T ] + ∑ ξ k s33( k ) (t n )


N



N



K =1



K =1

(2.36)

Thus,

∆ε 33 =

σ 33 (t n+1 ) − σ 33*

(2.37)

N
4
K + G3 (0)∑ ξ k g k
3
k =1
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To summarize, under the assumption that material state is known at time

tn , the

computational procedure for the determination of pressure and thermally-induced stresses at time

tn+1 involves the following steps:
1. The pressure, velocity, temperature and fibers orientation fields at

tn+1 as well as

∆T = T (tn+1 ) − T (tn ) are calculated first;
2. The updated fibers orientation tensors are next used to update thermo-mechanical
materials properties;
3. Next, the time-temperature shift factor a T , the pseudo-time step ∆ ξ

and

ξk (k = 1,2,....,N) based on Eqs. (2.11)-(2.12) and the two relations following Eq. (2.30) are all
calculated.
4.

σ 33

is next determined while identifying whether the part contains a molten core or

not;
5. Eqs. (2.36) and (2.37) are then used to calculate
6.

σ 33* and ∆ε 33 , respectively;

ph , τ 11 ,τ 22 and τ 33 are after that calculated using Eqs. (2.24) and (2.25); and

7. Finally, Eq. (2.13) is used to calculate σ 11 and σ 22 .
The calculations presented above are carried out for each layer of each of the elements.
Micro-mechanics Analysis of the Effective Materials Properties
As mentioned earlier, for injection molded thermo-plastics filled with fibers isotropic
material models are generally not valid, unless the embedded fibers are randomly oriented.
Typically, fibers-induced material anisotropy can have a profound influence on the extent and
distribution of shrinkage and warping in the injection molded part. In the section entitled Fiber
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Orientation Analysis, it was demonstrated how non-random orientation-distributions of the fibers
are induced by the melt-flow kinematics during filling and, to a lesser extent during packing. In
this section, the development/utilization of a micromechanical model which can be used to
estimate anisotropic elastic and thermal properties of a fiber-filled/thermo-plastic-matrix
composite from the properties of the constituent fiber and matrix materials and the known fiberorientation distribution are discussed [2.49].
Materials processed using injection molding are generally considered to be transversely
isotropic, i.e. their properties are equal in two directions (the transverse direction and through-thethickness direction). The elastic response of such materials is defined by five (temperaturedependent) elastic moduli: the longitudinal Young's modulus E11 , the transverse Young's modulus

E 22 , the in-plane shear modulus G 12 , the out-plane shear modulus

G23 , and the plane-strain

bulk modulus K23 . The Poisson ratios ν 12 ,ν 21 and ν23 can then be determined from these elastic
moduli using standard relations [e.g. 2.55]. These properties are defined with respect to a local
coordinate system in which the 1-direction is taken to coincide with the fiber axis and to be
normal to the plane of isotropy (defined by the 2 and 3 directions).
The elastic and thermal properties of fiber filled thermoplastics are typically assessed
using a two-step micro-mechanics procedure. First, the properties of the material in which the
fibers are fully aligned are assessed. Next, an orientation averaging procedure is applied to
include the effect of the fiber-orientation distribution at hand.
Step 1:
Derivations of the properties of materials in which the fibers are fully aligned can be
found in many sources [e.g. 2.49]. Thermo-elastic properties of injection-molded fiber-filled
polymers are typically specified as longitudinal, α 1 , and transverse, α 2 , thermal expansion
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coefficients and are defined in terms of the thermal expansion coefficients for the fiber and the
matrix as [2.50]:

α1 =

E f α f φ + Emα m (1 − φ )

(2.38)

E f φ + Em (1 − φ )

and

α 2 = (1 +ν m )α m (1 − φ ) + (1 +ν f )α f φ − α1ν12

(2.39)

where subscripts f and m denote fiber and matrix, respectively, φ fiber volume fraction, E the
Young's modulus and ν the Poisson ratio.
Step 2:
For a transversely isotropic material with the isotropy-plane normal coinciding with the
1-direction, the following form of Hooke's law holds:

 σ 1   c11( e )
   (e)
 σ 2   c12
 σ   c (e)
 3  =  12
σ 4   0
σ  
 5  0
σ   0
 6 

c12( e )
(e)
c22

c12( e )
(e)
c23

0
0

0
0

(e)
c23
0
0
0

(e)
c22
0
0
0

0
(e)
c44
0
0

0
0
(e)
c55
0

(e)
in which c44
=

0   ε1 
 
0  ε 2 
0   ε 3 
 
0  ε 4 
 
0  ε5 
(e)  

c66
 ε6 

(2.40)

1 ( e)
(e)
( e)
(e)
(c22 − c23
) , c55 = c66 and the contracted notation (1=11, 2=22, 3=33, 4=23,
2

5=13 and 6=12) is used.
The components of the elastic-stiffness matrix are defined in terms of the elastic moduli
as [2.51]:

c11( e) =

(1 −ν 23 ) E11
1 −ν 23 − 2ν 12ν 21
(2.41)
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c12(e) =

ν 23E11
1 −ν 23 − 2ν12ν 21

( e)
c22
=

E22
+ G23
2(1 −ν 23 − 2ν12ν 21)

(2.43)

(e)
c23
=

E22
− G23
2(1 −ν 23 − 2ν12ν 21 )

(2.44)

(2.42)

( e)
c55
= G12

(2.45)

Once the properties of short-fiber uni-directionally reinforced polymers are determined,
an orientation averaging procedure is used in conjunction with the known fibers orientation
tensors to determine the corresponding assembly-average elastic and thermo-elastic material
properties as [2.31]:
(e)
cijkl
= B1aijkl + B2 ( aij δ kl + a klδ ij ) + B3 ( aik δ jl + ail δ jk + a jl δ ik + a jk δ il ) + B4δ ijδ kl

+ B5 (δ ik δ jl + δ il δ jk )

(2.46)

and

α ij = (α 1 − α 2 ) a ij + α 2δ ij
where

(2.47)

B'i s denote the five invariants of the stiffness tensor of the uni-directionally reinforced

polymers [2.31]. It should be noted that the expressions given in Eq. (2.46) and Eq. (2.47) are
specific examples of the so called “effective material-properties averaging schemes”. Within such
schemes, a composite material is considered as an aggregate of discrete constituent materials and
different averaging schemes are based on different assumptions. For example, the thermal
expansion coefficient defined by Eq. (2.47) is obtained under the assumption of a uniform stress
and temperature gradient throughout the fiber/matrix aggregate [2.52,2.53].
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2.3.4. Post-ejection Shrinkage and Warping Analyses
While the injection-molded material resides in the mold, it is constrained and can not
distort. However, after ejection, the part can undergo shrinkage and warping. In the present case,
the thermo-plastics insert remains somewhat constrained by its adhesion to the steel stamping.
Shrinkage and warping analyses were carried out here using the ABAQUS/Standard finite
element method described in Section 2.3.2. The same finite element mesh is utilized as that used
in the filling and packing analyses. The in-mold residual stresses and element-based through-thethickness variations in thermo-mechanical properties of the injected thermoplastic material are
exported from Moldflow Plastics Insight to ABAQUS/Standard. The exported in-plane residual
stresses and material properties are defined with respect to two (mid-plane) principal directions
for the elastic stiffness matrix. The exported residual stresses are considered as initial-stress
conditions in the thermo-plastic insert right after part ejection and are used to construct the
loading term in the finite element equations. Next, a boundary condition is applied by
constraining all six degrees of freedom for a single node of the steel U-shape channel in order to
prevent the part from undergoing a rigid body motion. Since the ejected part spends relatively
short amount of time at the temperature at which thermoplastics exhibits viscous behavior, only
linear thermo-elastic shrinkage and warping FE analysis is performed in the present work.
2.4. Results and Discussion
2.4.1. Structural Response of the All-steel Control Component
As discussed in Sections 2.3.1 and 2.3.2, both the all-steel control and the PMH
component are tested in (longitudinal) x-compression, y- and z-bending and torsion around the xaxis. These four deformation modes in the case of the control component are depicted in Figures
2-2(a)-(d).
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The load vs. displacement and the torque vs. twist angle results of these analyses for the
control component are displayed in Figures 2-3(a)-(b), respectively. These results should be
considered as structural requirements for the PMH component. In other words, as the weight of
the PMH component is reduced by eliminating the U-shape flanges and the cover plate, and by
reducing the plastic-insert wall thickness and the number of ribs, the structural load-bearing
capability of the PMH component should not fall below that depicted in Figures 2-3(a)-(b).
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y-Bending

x-Compression

(a)

(b)

x-Torsion

z-Bending

(c)

(d)

Figure 2-2: Four Loading Modes Used to Establish the Load-bearing Capacity of the All-steel and
the PMH Components
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Figure 2-3: Load vs. Displacement and (b) Torque vs. Twist Angle Curves for the All-steel Control
Component
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2.4.2. Manufacturability of the PMH Component by Injection Molding
To ensure manufacturability of the PMH component by injection molding, the following
measures are implemented: (a) A 0.5o draft angle is applied to all plastic-insert walls in the
direction of mold motion; (b) The un-flanged U-shape is placed in the fixed part of the mold, the
part which contains the sprue; (c) The parting plane is chosen to coincide with the inner bottom
surface of the U-shape; and (d) Since no holes are allowed in the U-shape, two side-injection
points (gates) to the mold cavity (one attached to the first and the other to the last vertical rib) are
considered. The location of one of the gates is indicated in Figure2-4(a), while the other resides at
the corresponding location on the other end of the component.
As discussed in Section 2.3.2, the PMH component consists of an un-flanged U-shape,
and a plastic insert (which, in turn consists of an overlay and vertical and cross ribs). The
following three architectures of the plastic insert: 19/18, 16/15 and 13/12, are considered where
the two numbers in each case represent the number of vertical and cross ribs, respectively. An
example of the fill-time field plot obtained in the mold-filling analysis is displayed in Figure 24(a). The symmetric nature of the data displayed in Figure2-4(a) is an indication of the balanced
flow resulting from the symmetric positioning of the gates. The variations of the fill time with the
plastic-insert wall thickness, for the three PMH-component architectures, are displayed in Figure
2-5. The leftmost point for each of the three curves depicted in Figure 2-5 correspond to the
lowest wall thickness which still ensure complete mold filling.
An example of the in-mold (in-plane) principal major and minor stresses is displayed in
Figure 2-4(b)-(c), respectively. The in-mold stresses are exported to ABAQUS/Standard and used
as initial conditions in the PMH-component shrinkage and warping analyses.
An example of the field plot showing fiber-orientation distribution (quantified by the
angle between the fiber axis and the local element-based 1-direction) is displayed in Figure 2-
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4(d). The fiber orientation results are used within a micro-mechanics model to compute throughthe-shell-thickness

variant

thermo-mechanical

properties

of

the

injected

fiber-filled

thermoplastics. These were, in turn, exported to ABAQUS/Standard to define the (injectionmolded) material properties for the shrinkage and warping as well as structural-mechanics
analyses.
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(a)

Gate

(b)

(c)

(d)

Figure 2-4: An Example of the: (a) Fill-time; (b) First In-plane Principal Stress; (c) Second In-plane
Principal Stress; and (d) Fiber Orientation Parameter Field Plots Obtained in the Present Work
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Figure 2-5: The Variations of the Fill Time with the Plastic-insert Wall Thickness, for the Three
PMH-component Architectures

2.4.3. Shrinkage and Warping Analyses
Once the PMH component is ejected from the mold, shrinkage and warping thermomechanical analyses are carried out using ABAQUS/Standard. The transverse-isotropic thermomechanical properties of the fiber-filled polymer are as explained earlier, obtained using a micromechanics and the fiber-orientation distribution. Likewise, the initial temperature and stress
distributions are set equal to those obtained using Moldflow at the end of packing (i.e. at the
instant of part ejection). To prevent rigid-body motion of the PMH component, all six degrees of
freedom of one of the U-shape nodes are fixed. Two levels of polymer-to-metal adhesion strength
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(2 and 20 MPa) are considered. These are quite conservative estimates [e.g. 2.56] and were
selected as the worse-case scenarios. The results of these analyses (not shown for brevity)
revealed that:
(a) The maximum displacements of the U-shape (i.e. the maximum external
displacements of the PMH component) are less than 0.45mm suggesting that post-ejection
shrinkage and warping would not considerably affect dimensional tolerances of the component;
and
(b) The maximum strains of the plastic-insert are less than 0.008 suggesting that only
minor post-ejection distortions of the plastic-insert architectures take place.
2.4.4. Structural Performance of the PMH Component
The structural-mechanics analyses were carried out to determine the load-bearing
capacity of the PMH component. The objective of these analyses was to determine which of the
PMH -component architectures is most efficient structurally, i.e. can satisfy the structural
requirements defined in Section 2.4.1 at a lowest weight. In the structural-mechanics analyses,
several levels of polymer-to-metal adhesion strength in a 2-20MPa range were considered. The
weight of each of the three PMH architectures as a function of the plastic-insert wall thickness is
depicted in Figures 2-6(a)-(c). It should be recalled that in order to ensure PMH component
manufacturability by injection molding, a 0.5ο draft angle was employed in the direction of
injection-mold motion. Hence, the data displayed in Figures 2-6(a)-(c) pertains to the plasticinsert average wall thickness. For each of the three architectures, a lower-bound wall thickness is
depicted in Figures 2-6(a)-(c) below which the mold-filling analysis revealed incomplete mold
filling. Also, an upper-bound is indicated which corresponds to the plastic-insert wall thickness at
which the PMH and the all steel control component have identical weights. Thus, the upper and
lower-bounds of the plastic wall thickness define a thickness window within which both injection

42

molding and weight reductions of the PMH component are feasible. The subsequent analyses
were used to identify a portion of this window within which the weight-based structural
efficiency of the PMH component is maximal.
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Figure 2-6: Weight vs. Plastic-insert Wall Thickness for the Three PMH-component Architectures
Analyzed in the Present Work. Please See Text for Details
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As mentioned earlier, the main purpose of the structural-mechanics analysis carried out in
the present work is two-fold: (a) To identify, among the three PMH architectures considered here,
the one which is structurally most efficient; and (b) To identify the level of polymer-to-metal
adhesion strength needed in the PMH component. While a very extensive set of results was
obtained in this section, only few representative and summary findings will be presented here due
to space constraints. An example of such results is depicted in Figures 2-7(a)-(b) in which, for the
cases of x-compression and adhesion strength levels of 2 MPa and 20 MPa, a variation in the
PMH-component-strength and stiffness with the polymer-insert wall thickness is presented. The
lower-bound strength and stiffness levels correspond to those obtained in Section 2.4.1 for the allsteel control component are indicated. Also, the numbers adjacent to the data points represent the
three PMH architectures. The results like the ones displayed in Figures 2-7(a)-(b) are used to
construct the plots like the one depicted in Figure 2-8. In Figure 2-8, the minimal PMH-to-control
components weight ratios (named the “Normalized PMH Component Weight”) needed to obtain
the required levels of strength or stiffness is plotted as a function of the polymer-to-metal
adhesion strength. The results displayed in the Figure 2-8 reveal the following: (a) At adhesion
strength levels exceeding ~10 MPa a further increase in the adhesion strength does not yield
significant benefits; (b) At adhesion strength levels below ~10 MPa, lower weight reductions are
obtained; and (c) Among the three PMH component architectures, the most efficient one is found
to be the 16/15 one, suggesting that, perhaps, further weight reductions can be attained using a
topology optimization procedure.
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Figure 2-7: Variation of the PMH Component x-compression Stiffness and Strength with PlasticInsert Wall-thickness at the Polymer-to-metal Adhesion Strength of: (a) 2MPa and (b) 20MPa

45

PMH/All-Steel Weight Ratio

0.9

19/18
16/15
13/12

0.85

0.8

0.75

0

5

10

15

20

25

Adhesion Strength, MPa
Figure 2-8: Potential Weight Reductions in PMH Component as a Function of the
Polymer-to-metal Adhesion Strength
10
x-Compression
y-Bending
z-Bending
x-Torsion

Loss of Strength, %

8

6

4

2

0
0

5

10

15

20

Adhesion Strength, MPa
Figure 2-9: Potential Loss of the x-compression PMH-component Strength
Due to its Exposure to a Simulated E-coat Curing Treatment

46

2.4.5. Creep Analysis during E-coat Curing Treatment
As explained earlier, one of the requirements the direct-adhesion PMH component has to
satisfy is to survive a typical 190oC/25min E-coat curing treatment that is typically applied to the
BIW in the paint shop. It should be noted that previous investigations [e.g. 2.1] have shown that
Durethan BKV 130 H2.0 does not undergo any noticeable chemical degradation during
degreasing pre-treatment in the paint shop, does not release chemicals which may contaminate
paint baths, and does not suffer from any thermal degradation after being exposed to the E-coat
curing treatment. To what extent the fiber-filled thermo-plastic insert will creep under these
conditions is assessed computationally by carrying out a standard creep analysis. Due to a
potentially higher thermal inertia of the adjoining BIW structure, it is recognized that different
sections of the PMH component may have different thermal histories in the E-coat curing oven.
Consequently, the creep analysis is carried out under a fixed 50oC temperature difference which
was imposed between the (length-wise) ends (150oC) and the middle section (200oC) of the
component. To assess the extent of a creep-induced loss of PMH-component strength, the
structural-mechanics analyses described in Section 2.3.2 were repeated after the component was
subjected to the simulated E-coat curing treatment. The results obtained revealed two important
findings: (a) No significant creep-induced distortion of the PMH component takes place since the
maximum creep strain is less than 0.003 and the maximum relative displacement of the two
component ends is less than 0.6mm; and (b) As exemplified by the results displayed in Figure 29, no loss of component strength (due to decohesion at the polymer/metal interfaces) takes place
when the adhesion strength is >~10MPa. In the case of 2MPa adhesion strength, a strength loss
can be as high as 8%.
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2.4.6. Feasibility of Direct-adhesion PMH Technology
The computational results obtained in the present work showed that the direct-adhesion
PMH technology can be used to reduce the weight (and maintain the structural performance) of
load-bearing BIW components provided polymer-to-metal adhesion strength exceeding 10MPa
can be achieved. Such levels of adhesion strength are feasible [2.56] but may require preheating
of the steel stamping prior to polymer-insert injection molding. In our future work, the problem of
steel surface treatment and polymeric-material selection for durable high-strength polymer-tometal adhesion will be addressed.
2.5. Summary and Conclusions
Based on the results obtained in the present work, the following main summary remarks
and conclusions can be drawn:
1. A comprehensive multi-disciplinary computational analysis is developed to assess the
potential use of a direct-adhesion polymer metal hybrid (PMH) technology in load-bearing BIW
automotive structural components.
2. The analysis encompassed: (a) injection-molding process simulation and component
manufacturability assess unit; (b) Determination of processing-induced residual stresses in the
component, cooling and solidification induced shrinkage and warping, (c) Determination of the
spatial distribution and the extent of material anisotropy; (d) Assessment of the ability of the
PMH component to endure a typical. E-coat curing treatment; and (e) the extent of polymer-tometal adhesion needed to attain a significant component-weight reduction.
3. Using a generic automotive BIW component, as a test structure, the present work
showed that the direct-adhesion PMH technology may have a future in load-bearing BIW
structural components provided a durable polymer-to-metal adhesion with a strength exceeding
10MPa can be achieved.
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2.6. Appendix: Glass-filled Thermo-plastics Material Parameters
The plastic insert used in the present work is assumed to be made of Durethan BKV 130
H2.0 (an elastomer-modified Nylon 6 filled with 30wt.% of glass fibers and heat-age stabilized)
produced by Bayer [2.1]. In this section, a brief summary is provided of the rheological, thermal
and mechanical models and their parameterizations used for the material at hand.
Viscosity
The shear-rate, temperature and pressure dependent viscosity is modeled using the Cross–
WLF model [2.5]:

η=

η0
(1− n )
 η 0γɺ 
1+ 

 τ 

(A.2.1)

 − A1 (T − T * ) 
, T* = D2 + D3*P, A2 = A2 ~ + D3*P and the material
* 
 A2 + (T − T ) 

whereη0 = D1 exp 

parameters are listed in Table 2-1.
Table 2-1: Cross Model Viscosity Parameters for Durethan BKV 130 H2.0
Parameter

Unit

Value

n

N/A

0.3869

τ

Pa

137,000

D1

Pa-s

1.05.1019

D2

K

323.15

D3

K/Pa

0.0

A1

N/A

45.266

A2~

K

51.6

Ttrans

K

479.0
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Thermal properties
The specific heat capacity, C p and the thermal conductivity, k, are assigned single
constant values and set equal in the melt and the solid thermo-plastics. The values for C p and k
as well as for the glass transition temperature at zero pressure are listed in Table 2-2.
Table 2-2: Thermal Properties for Durethan BKV 130 H2.0
Parameter

Symbol

Unit

Value

Specific Heat

Cp

J/kg.K

1,909

Glass Transition Temperature

Ttrans

K

479.0

Thermal Conductivity

k

W/m.C

0.14

P-V-T Material Data
The quasi-equilibrium P-V-T behavior is modeled using a two-domain Tait P-V-T model
as [2.5]:


p 
V (T , p ) = V0 (T ) 1 − C ln(1 +
) + Vt (T , p )
B (T ) 


(A.2.2)

where V0 is the specific volume at zero gauge pressure, C =0.0894 and B accounts for pressure
sensitivity of the material. In the upper temperature region ( T > Tt) the following relations are
used: V0 = b1m + b2m (T - b5); B(T) = b3m exp[-b4m (T-b5)]; and Vt(T,P) = 0. In the lower
temperature region ( T < Tt) the following relations are used: V0 = b1s + b2s (T - b5); B(T) = b3s
exp[-b4s (T-b5)]; and Vt(T,P) = b7 exp((b8(T-b5)) -(b9P)).
The pressure dependence of the transition temperature Tt is described as: Tt (P) = b5 + b6P.
Material parameters b1s-b4s, b1m-b4m, b5, b6, b7, b8, and b9 are listed in Table 2-3.

50

Table 2-3: P-V-T Properties for Durethan BKV 130 H2.0
Parameter

Unit

Value

Melt Density

g/cm3

1.1694

Solid Density

g/cm3

1.3476

b5

K

484.05

b6

K/Pa

4.94.10-8

b1m

m3/kg

81.79.10-5

b2m

m3/kg-K

4.7.10-7

b3m

Pa

2.04403.108

b4m

1/K

407.4.10-5

b1s

m3/kg

78.61.10-5

b2s

m3/kg-K

2.37.10-7

b3s

Pa

2.96551.10+8

b4s

1/K

267.3.10-5

b7

m3/kg

1.95.10-5

b8

1/K

32.3.10-3

b9

1/Pa

1.38.10-8
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Mechanical and Thermo-mechanical Properties
The (planar-isotropic) mechanical and thermo-mechanical properties for the material
under consideration (under a condition in which all the glass fibers are aligned in the first
principal (i.e. melt flow) direction are listed in Table 2-4. It should be noted, however, that the
actual (planar-isotropic) mechanical and thermo-mechanical properties and their through-theshell-thickness variations used in the structural-mechanics analysis were obtained as a result of
the mold filling/packing analysis.

Table 2-4: Planar-isotropic Mechanical and Thermo-mechanical Properties for Durethan BKV 130
H2.0 With Glass Fibers Fully Aligned in Direction 1

Mechanical
Property

ThermoMechanical
Property

Parameter

Symbol

Unit

Value

Elastic Modulus,
1st Principal
Direction

E1

MPa

9,087.49

Elastic Modulus,
2nd Principal
Direction

E2

MPa

5,467.3

Poissons Ratio

v12

N/A

0.4039

Poissons Ratio

v23

N/A

0.4533

Shear Modulus

G12

MPa

2,344.79

Coefficient of
Thermal
Expansion, 1st
Principal
Direction

α1

1/C

2.662.10-5

Coefficient of
Thermal
Expansion, 2nd
Principal
Direction

α2

1/C

5.658.10-5
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Relaxation Spectrum Data
The relaxation spectrum data which were used to construct the visco-elastic materials
response are given in Table 2-5.
Table 2-5: Relaxation Spectrum Data for Durethan BKV 130 H2.0

k

αk

1

1.000 10

2

8.3260 10

3

6.9310 10

4

5.7708 10

5

4.8040 10

6

4.0000 10

gk

.

-6

.

-2

.

-1

.

-1

.

-5

.

-4

.

-4

9.8884 10

.

-4

4.2487 10

.

-1

4.7554 10

.

2

7.2610 10

.

5

5.0610 10

.

8

1.3450 10

Creep Properties
Creep data for the material at hand were obtained by applying a linear regression analysis
to the experimental data reported in Ref. [2.54] and a power-law creep model:

εɺijd = A0 e −Q / RT (σ eq ) n−1τ ij

(A.2.3)

Where superscript eq denotes an equivalent quantity, R is the universal gas constant and A0
=3.88.10-6s-1, Q=40.1kJ/mole and n=0.4369.
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CHAPTER 3
AN OVERVIEW OF THE POLYMER-TO-METAL DIRECT-ADHESION HYBRID
TECHNOLOGIES FOR LOAD-BEARING AUTOMOTIVE COMPONENTS
3.1. Abstract
The work published in the open literature dealing with various polymer metal hybrid
(PMH) approaches used to promote direct (adhesive-free) adhesion between metal and injectionmolded thermoplastics is reviewed and critiqued. Different approaches are categorized as: (a)
micro-scale polymer-to-metal mechanical interlocking; (b) in-coil or stamped-part pre-coating for
enhanced adhesion; and (c) chemical modifications of the injection-molded thermoplastics for
enhanced polymer-to-metal adhesion. For each of these approaches their suitability for use in
load-bearing body-in-white (BIW) components is discussed. In particular, the compatibility of
these approaches with the BIW manufacturing process chain (i.e. (pre-coated) metal component
stamping, BIW construction via different joining technologies, BIW pre-treated and painting
operations) is presented. It has been found that while considerable amount of research has been
done in the PMH direct-adhesion area, many aspects of these technologies which are critical from
the standpoint of their use in the BIW structural applications have not been addressed (or
addressed properly). Among the PMH technologies identified, the one based on micro-scale
mechanical interlocking between the injection-molded thermoplastic polymer and stamped-metal
structural component appears to be most promising.
3.2. Introduction
Traditionally, metals and plastics have been fierce competitors in automotive
manufacturing practice. In sharp contrast, the two classes of materials are integrated within the
polymer metal hybrid (PMH) technologies in a singular component/sub-assembly. The driving
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philosophy behind the PMH technologies has been to (utilizing the systems approach) combine
the structural and non-structural needs of many components into a singular, fully-optimized subassembly, in order to deliver a customer specific solution. An underlying integrated construction
enables greater system benefit than the typical merging of two proximal parts.
The first example of a successful implementation of this technological innovation in
practice was reported at the end of 1996, when the front end of the Audi A6 (made by Ecia,
Audincourt/France) was produced as a hybrid structure, combining sheet steel with elastomermodified polyamide PA6 - GF30 (type: Durethan BKV 130 from Bayer). A key feature of hybrid
structures is that the materials employed complement each other so that the resulting hybrid
material can offer structural performance which is not present in either of the two constituent
materials independently.
Currently, polymer metal hybrids (PMHs) are replacing all-steel structures in automotive
front-end modules at an accelerated rate. Moreover, new PMH technologies are being introduced
as alternatives to the over-molding method first established by Bayer. In addition to their
aforementioned use in the front-end modules, PMHs are currently being used in instrument-panel
and bumper cross-beams, door modules, and tailgates applications as well as in non-automotive
applications, ranging from appliance housings to bicycle frames.
The main PMH technologies currently being employed in the automotive industry can be
grouped into three major categories: (a) Injection over-molding technologies; (b) Metal overmolding technologies combined with secondary joining operations; and (c) Adhesively-bonded
PMHs. In the following, a brief description is provided for each of these groups of PMH
manufacturing technologies.
In the injection over-molding process (originally developed and patented by Bayer [3.1]),
metal inserts with flared through-holes are stamped, put in an injection mold and over-molded
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with 30% short glass-fiber reinforced nylon 6 to create a cross-ribbed supporting structure. The
metal and nylon are joined by nylon melt penetrating through-holes to form rivets that provide
mechanical interlocks. Because an injection molding press opens in one direction, cross-rib
geometry was initially limited to just two dimensions. Recently, multi-directional ribbing was
produced using this process by adding side motion to the tooling. Significant boosts in the loadbearing capability of U-shaped steel stampings were observed. A simplified solid model of the
PMH component produced by injection over-molding is displayed in Figure 3-1.

Thermoplastic
Over-molding

Over-molded
Edges
Metal
Stamping

Thermoplastic
Rivets

Figure 3-1: Two Views of a Simplified Prototypical Injection Over-molding
PMH BIW Load-bearing Component
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In the metal over-molding PMH technology, which was developed and patented by
Rhodia [3.2] and adopted for the front-end module used on a 2004 light truck in South America, a
steel stamping is placed in an injection mold, where its underside is coated with a thin layer of
reinforced nylon. In a secondary operation, the plastics-coated surface of the metal insert is
ultrasonically welded to an injection molded nylon sub-component. In this process, a closedsection structure with continuous bond lines is produced which offers a high load-bearing
capability. The hollow core of the part permits functional integration like cable housings and air
or water channels. Additionally, gas or water injection-molding can be employed to produce a
stiffer, thinner coating for enhanced load-bearing capabilities and increased functional
integration. A lower-cost variation of the metal over-molding PMH technology is Rhodia’s so
called Plastic-Metal Assembling process. A U-shaped steel stamping with punched holes and a
nylon injection molded component, which contains columns or heat stakes that can lock into the
stamping holes, are produced separately. The two sub-components are subsequently joined by
riveting the ends of the plastic columns using ultrasonic welding or heat staking. A simplified
(exploded) solid model of the PMH component produced by metal over-molding is displayed in
Figure 3-2.

Thermoplastic
Injection-molding

Thermoplastic
Coating

Metal
Stamping

Figure 3-2: A Simplified Prototypical BIW Load-bearing Components Manufactured
Using the Metal Over-molding PMH Technology
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Adhesively-bonded PMHs were developed and patented by Dow Automotive [3.3] and
were introduced in 2003 in prototype form for a Volkswagen front-end module. In this PMH
technology, glass-fiber reinforced poly-propylene is joined to a metal stamping using Dow’s
proprietary low-energy surface adhesive (LESA). The acrylic-epoxy adhesive does not require
pre-treating of the low surface-energy poly-propylene and is applied by high-speed robots.
Adhesive bonding creates continuous bond lines, minimizes stress concentrations and acts as a
buffer which absorbs contact stresses between the metal and polymer sub-components. The latest
LESA grade, Grade 74030, provides a good compromise between stiffness and toughness as well
as improved adhesion and faster cure. To help maintain alignment of the sub-components during
curing of the adhesive, snap features are designed into the sub-components. Adhesively-bonded
PMHs enable the creation of closed-section structures which offer high load-bearing capabilities
and the possibility for enhanced functionality of hybrid parts (e.g. direct mounting of air bags in
instrument-panel beams or incorporation of air or water circulation inside door modules). A
simplified (exploded) solid model of the PMH component produced by adhesion bonding is
displayed in Figure 3-3.

Thermoplastic
Injection-molding

Adhesive
Metal
Stamping

Figure 3-3: A Simplified Prototypical BIW Load-bearing Component Manufactured Using the
Adhesive-bonding Technology
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While the aforementioned PMH technologies have demonstrated their potential and are
being widely used in various non-structural and load-bearing automotive components, they
nevertheless display some significant shortcomings. For example, in many applications, to
maintain the structural integrity of the part, hole punching needed for polymer-to-metal
interlocking in the injection over-molding process may not be allowed. Similarly, stamped-edges
over-molding may be restricted. In the case of adhesively-bonded PMHs, the adhesive cost, long
curing time and the ability of the adhesive to withstand aggressive chemical and thermal
environments encountered in the paint-shop during BIW pre-treatment and E-coat curing may be
an issue. Consequently, alternative lower-cost PMH technologies for structural load-bearing BIW
component which are compatible with the BIW manufacturing process chain are being sought.
One of such technologies, which is the subject of the present work, is the so called directadhesion PMH technology in which the joining between the metal and thermo-plastic subcomponents is attained through direct-adhesion of injection-molded thermo-plastics to the metal
without the use of interlocking rivets/over-molded edges or structural adhesives [3.4]. There are
several potential advantages offered by this technology over the ones discussed above: (a)
Polymer-to-metal adhesion strengths (ca. 35MPa [3.4]) comparable with those obtained in the
case of thermo-setting adhesives are feasible but only at a small fraction of the manufacturing
cycle time; (b) The shorter cycle time and the lack of use of an adhesive allow for more
economical PMH-component production; (c) Unlike the adhesive-bonding technology, joining is
not limited to simple and non-interfering contact surfaces; (d) Reduced possibility for entrapping
air in undercuts of a complex surface; (e) No holes for the formation of interlocking rivets are
required and, hence, structural integrity of the part is not compromised; and (f) Overall reduction
in the constraints placed upon the design complexity of the PMH component. A simplified solid
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model of the PMH component produced by polymer-to-metal direct-adhesion is displayed in
Figure 3-4.

Thermoplastic
Injection-molding

Metal
Stamping

Figure 3-4: Two Views of a Simplified Prototypical Direct-adhesion PMH
BIW Load-bearing Component

In the present chapter, an overview of the state-of-the-art polymer-to-metal directadhesion approaches is provided. Since no well accepted classification of these approaches can be
found in the open literature, an attempt is made here to classify different efforts. In addition, a
critical assessment for each of these approaches is provided with respect to their suitability for
use in BIW load-bearing automotive applications and with respect to their compatibility with the
BIW manufacturing process chain.
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Based on the work published in the open literature, all polymer-to-metal direct-adhesion
efforts can be classified as: (a) micro-scale mechanical interlocking approaches [e.g. 3.5-3.7]; (b)
in-coil or stamped-part metal priming with silane or other adhesion promoters [e.g. 3.8,3.9]; (c)
chemical modifications of the injection-molding thermo-plastic material for enhanced adhesion to
metal [e.g. 3.10,3.11]; and (d) other approaches aimed at enhancing polymer-to-metal directadhesion [e.g. 3.12-3.15]. In the following four sections a detailed overview of each of the
approaches is provided. It should be noted that the key objective of the present work is to
critically assess the potential of direct-adhesion PMH technologies in BIW load-bearing
applications. Hence, significant body of work dealing with polymer-to-metal adhesion developed
within the electronic packaging field is not presented, since the approaches used employed very
thin (10-100µm) metal and/or polymeric structures and were not compatible with the BIW
manufacturing process chain.
As stated earlier, the objective of the present work is to assess the potential of different
polymer-to-metal direct-adhesion approaches for BIW load-bearing components both from the
component function standpoint and the stand point of compatibility with the BIW manufacturing
process chain. In traditional all-metal BIW manufacturing practice, components are stamped in
the press shop, joined (typically by welding) in body shop and the constructed BIW pre-treated
and painted in paint shop. In the case of injection over-molding BIW PMH components, stamped
metal subcomponents are “hybridized” with thermoplastic ribbing structure in injection molding
shop. Hence to assess the suitability of various direct-adhesion PMH technologies for BIW loadbearing applications, their compatibility with various processes taking place in press shop,
injection molding shop, body shop and paint shop will be considered. Specific aspects of the BIW
manufacturing process chain capability are discussed in the following three sections.
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It should be noted that the present chapter is part of the ongoing research which deals
with a total life-cycle approach to the selection of materials, and manufacturing/processing
technologies in the light-weight engineering of the automotive BIW structural applications.
Within such an approach, all the key BIW manufacturing process steps are considered.
These steps include, metal-subcomponent manufacturing by stamping in the process shop, PMH
component or thermo plastic subcomponent manufacturing in the injection-molding shop, BIW
construction by various joining processes in the body shop, BIW pre-treatment and painting in the
paint shop, component performance and durability in service, and end-of-life considerations
including disassembly, shredding, materials segregation, separation and recycling.
3.3. Micro-scale Polymer-to-metal Mechanical Interlocking
3.3.1. Technology Overview
Within the micro-scale polymer-to-metal mechanical-interlocking approach, the required
level of adhesion strength is attained via the infiltration of (and, upon cooling, the interlocking
with) the micron-size roughness features of the metal substrate with thermoplastic melt. The
mechanism of plastic-to-metal adhesion should be distinguished from the standard insert overmolding process which relies on the shrink-fit phenomenon and special under-cut geometrical
features for good polymer-to-metal adherence.
The most comprehensive investigation of the micro-scale polymer-to-metal mechanical
interlocking available in the open literature was conducted by Ramani and co-workers [3.5-3.7].
In the work of Ramani and co-workers [3.5-3.7], adhesion between low-carbon-steel or 6061
aluminum metal substrates and injection-molded poly-carbonate was investigated. Metal surfaces
were prepared using the following sequence of steps: grit blasting with ca. 0.5µm average-size
Al2O3 particles, scrubbing with a nylon brush and ultra-sonic cleaning in isopropyl alcohol. Metal
substrates were then oven heated (in some cases), placed in the mold and over-molded with poly-
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carbonate. A full factorial study was carried out to determine the effect of the following four
parameters:
(a) metal-substrate temperature; (b) injection-machine screw linear velocity; (c) thickness
of the injection over-molded poly-carbonate; and (d) injection-molding packing/holding pressure
on the polymer-to-metal adhesion strength. A comprehensive set of mechanical tests and
Scanning Electron Microscopy (SEM) studies were conducted in order to reveal details of the
adhesive mechanism and correlate the mechanical testing results with the morphology of the
polymer/metal interface. The results obtained in the work of Ramani and co-workers [3.5-3.7] can
be summarized as follows: (a) between the four process parameters investigated, the metalsubstrate temperature has, by far, the largest effect on to the polymer-to-metal adhesion strength;
(b) No adhesion between polymer and metal is obtained in the cases in which the metal substrates
were not heated. In these cases, it was found that polymeric melt freezes upon its contact with the
metal-substrate during injection molding. In other words, polymeric melt does not manage to
infiltrate the micron-size roughness features of the metal substrate and fails to mechanically
interlock to it; (c) Under the optimal process conditions (metal substrate pre-heating temperature
~210ºC, screw linear velocity ~11cm/s and the over-molding thickness ~0.5mm), an adhesion
strength as high as 40 MPa is obtained; and (d) A standard deviation of ±10MPa for the adhesion
strength is typically found for a given set of process parameters. This finding suggests that a tight
control of the manufacturing process is needed to ensure a high-level of product consistency.
Ramani and co-workers [3.5-3.7] also address the issue of residual-stress development
during injection over-molding. Their studies clearly revealed that the fast cooling (which is
preferred from the stand point of the reduction of the cycle time) leads to the development of
higher residual stresses compromising the integrity and durability of the polymer/metal adhesion
bonding. This observation was made both in the case of amorphous (e.g. poly-ether-imide, PEI)
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and semi-crystalline (e.g. poly-ether-ether-ketone, PEEK) polymers. While the residual stresses
are the result of differential properties between polymers and metal and, hence, cannot be
avoided, the work of Ramani and co-workers [3.5-3.7] clearly showed that the extent of residual
stresses can be greatly reduced by proper design of the injection over-molding process.
3.3.2. Potential Application in BIW Structure
As discussed earlier, each of the polymer-to-metal direct-adhesion approaches has to
meet a number of process/product related requirements before it can be considered as a
potentially viable technology for use in BIW load-bearing PMH applications. Among such
specific requirements, the most important ones appear to be: (a) metal-stamping surface
preparation needed to ensure the necessary level of polymer-to-metal adhesion strength. A
comprehensive finite-element analysis of the structural response of the direct-adhesion PMH test
structures [3.4] revealed that a minimum adhesion strength of ca. 10MPa is needed in order to
achieve a sufficient level of load transfer between the metal stamping and the injection-molded
plastic insert; (b) compatibility with the standard injection over-molding PMH manufacturing
process; (c) ability of the PMH component to withstand the BIW pre-treatment and painting
processes; and (d) durability of the polymer-to-metal adhesion bond, particularly under fatigue
and high-humidity conditions. In the remainder of this section, the ability of the micro-scale
polymer-to-metal mechanical interlocking approach to meet these requirements is presented.
Similar format will be used in the subsequent sections.
Metal-surface Preparation Requirements
Efficient micro-scale mechanical interlocking entails the presence of micron-size rough
(preferably oil-free and clean) metal surfaces with a sufficiently high (minimum ca. 200oC)
temperature. The achievement of the needed level of surface roughness does not appear to be a
major challenge and can be ensured through proper surface texturing of the stamping dies. The
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constraint that the metal-stamping surface is oil-free and clean is somewhat negotiable, since the
adhesion mechanism is mechanical and not chemical, in character. Heating of the metal stamping
prior to their placement into the injection-molding mold appears to be a serious shortcoming for
the micro-scale mechanical interlocking process. Among the potential undesirable consequences
of metal-stamping pre-heating are: (a) metal-stamping warping/distortions; (b) metallurgical
changes leading to a loss of strength; (c) a higher injection-tooling material cost; (d) additional
step(metal-stamping pre-heating) has to be introduced prior to the injection-molding step, etc.
Most of these problems appear to be surmountable through the integration of an induction-heating
coil in the injection-molding mold. Induction heating is non-contact heating (relies on the
induction of Eddie currents, which are resistively dissipated within the metal substrate in the form
of joule heating) and fast (seconds to minutes, thus more compatible with the injection-molding
process time).
Compatibility with the Injection-molding Process
If induction heating can be integrated in the injection-molding process, micro-scale
mechanical interlocking could become a viable polymer-to-metal direct-adhesion PMHtechnology alternative.
Compatibility with Paint-shop Treatment
While the work of Ramani and co-workers [3.5-3.7] focused on poly-carbonate,
(maximum service temperature ~120-150oC), other thermoplastic (e.g. nylon) with a higher
maximum service temperature (needed to ensure survivability of the PMH component during
BIW pre-treatment and painting operations, in particular during the ca. 190oC/30minute E-coat
baking treatment) should be amendable to the mechanical-interlocking mechanism. Some
problems regarding complete infiltration of micron-size roughness features may arise when
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thermo-plastics with glass-fiber reinforcements are used. The extent of these problems can not be
assessed, at the present time, due to absence of the relevant experimental data.
Durability of Polymer-to-metal Bond
Since the polymer-to-metal adhesion, in the present case, relies on purely mechanical
(interlocking) phenomena, the adhesion bonding is not expected to be severely compromised by
prolonged exposure to humidity or elevated temperatures. As far as the fatigue resistance of the
polymer/metal hybrid interface is concerned, the situation is less clear. On a more macroscopic
scale level, polymer-to-metal mechanical interlocking appears to yield a continuous (stressconcentration free) bonding which is not typically very prone to fatigue failure. Conversely, on a
finer length-scale, major stress concentration effects are expected giving rise to a type of bonding
which is normally quite sensitive to cyclic loading. It appears, hence, that there is perhaps an
ideal surface/roughness topology which would maximize durability of the plastic-to-metal
mechanical-interlocking bonding with respect to mechanical and thermal fatigue conditions. This
is similar to the use of particular optimal roughness to promote retention of oil during stamping
and different optimal roughness to promote paint adhesion.
Summary Remarks
Based on the simple engineering analysis presented above, it appears that with the
proposed integration of induction heating into the injection-molding mold, the micro-scale
polymer-to-metal mechanical interlocking approach can become a viable PMH direct-adhesion
polymer BIW load-bearing components manufacturing technology.
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3.4. Primed-Metal Surfaces for Enhanced Polymer Adhesion
3.4.1. Technology Overview
Within this approach, an enhanced adhesion between metal-stamping and injection-over
molded thermo-plastics is attained by priming the metal surface prior to the injection-molding
process. The most frequently used primer is silane which owing its amino and vinyl functional
groups acts as a “coupling agents” which promotes adhesion between inorganic and organic
materials. For silane to act as an adhesion promoter, its organo-reactive moieties should be in
contact with polymer and metal which can be achieved by coating the metal substrate with silane
just prior to injection molding of the polymer [20]. It is generally believed that the silane coupling
reactions take place in the following sequence: (a) hydrolysis of the alkoxy group which results in
the production of hydrogen; (b) formation of the hydrogen bonds at the polymer/metal interface;
(c) interfacial condensation of the functional groups; and lastly (e) interfacial chemical reactions
with the polymer and metal resulting in the formation of interfacial bonds [3.21].
One of the most comprehensive studies of primed-metal/injection over-molded
thermoplastic adhesion was carried out by Shah [3.8]. In the work of Shah [3.8], bonding
occurring at the interface between injection molded poly-(vinyl chloride), PVC, and cold-rolled
mild steel substrates (pre-coated with thin coatings of amino-silane) were investigated using a
variety of analytical and spectroscopic analysis (e.g. X-ray photoelectron spectroscopy, XPS, and
Fourier transform infrared spectroscopy, FTIR). The silane coating was formed by adsorption of
γ-amino-propyl-triethoxy-silane, γ-APS, or N-(2-amino-ethyl-3-amino-propyl) trimethoxy-silane,
γ-AEAPS, from 2% aqueous solutions onto polished steel substrates. PVC was injection molded
onto the silane pre-coated steel substrates and annealed at temperatures up to 170oC for times as
long as 30 minutes. After extensive experimental investigation of the steel/silane/PVC interfaces,
the bonding mechanism was rationalized as follows: Amine hydrochloride complexes appear to
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form by protonation of amino groups of the silanes with HCl that was liberated from PVC during
the onset of thermal dehydro-chlorination. Furthermore, quaternization or nucleophilic
substitution of labile pendent allylic chloride groups by amino groups on the silanes takes place,
thus grafting PVC onto the aminosilanes. It was determined that PVC having β-chloroallyl
groupings along its chains showed better adhesion with steel pre-coated with amino-silanes and
that generation of allylic chloride groups in PVC chains was the rate limiting step in the reaction
between PVC and aminosilane. Interdiffusion of the polymer phase and the silane phase was
found to be also critical in obtaining good adhesion.
Additionally, a fairly comprehensive investigation of the effect of metal-stamping surface
priming on the polymer-to-metal direct-adhesion has been carried out by Sasaki et al. [3.9]. In the
work of Sasaki et al. [3.9], adhesion of injection over-molded poly-amide 6 (PA6) thermoplastic
polymer and stainless steel plates pre-coated with triazine trithiol polymer (TTP) was
investigated. Adhesion strength between PA6 and the pre-coated stainless steel plates was found
to be relatively large (~6 MPa). To rationalize the nature of the adhesion mechanisms, X-ray
photoelectron spectroscopy (XPS) and nuclear magnetic resonance (NMR) were used. In
addition, simplified (model) systems consisting of stainless steel plates, TTP coating (chemically
oxidized with amines and nylon oligomer) were investigated. The XPS results revealed the
formation of iron and/or chromium mercaptide at the stainless steel/TTP interfaces. Furthermore,
formation of chemical bonds via nucleophilic substitution of terminal amino groups in PA6 was
observed at the PA6/TTP interfaces.
3.4.2. Potential Application in BIW Structure
In assessing suitability of the primed-metal enhanced polymer-to-metal adhesion
approaches for BIW load-bearing components, the same four suitability aspects as the one
discussed in Section 3.3.2 will be considered.
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Metal-surface Preparation Requirements
The experimental work presented in Refs. [3.8,3.9] clearly revealed that pre-treatment of
the metal-stamping surfaces (e.g. SiC-grit grinding followed by water based 1µm-Al2O3 slurry
polishing and thorough rinsing) is imperative to attaining good polymer-to-metal adhesion. This
is a major disadvantage for this direct-adhesion PMH approach, since it is generally desirable to
postpone any metal-stamping pre-treatment until paint shop. Leaving the drawing compound/oil
on metal stampings until paint shop does not only simplify the manufacturing process ( i.e.
reduces the number of processes) but also prevents in-shipping damage of the metal-stampings.
Compatibility with the Injection-molding Process
Primed-metal surfaces enhanced polymer-to-metal adhesion approach appears not to be
fully compatible with the standard injection over-molding process. The concern is that the inmold primer (even just partial) curing requires several minutes while a typical injection-molding
cycle lasts only few seconds. This shortcoming can be somewhat overcome by heating the mold
and/or increasing the injection-molding temperature and using the heat carried by the mold and
the polymer to attain (at least partial) curing of the primer. The final stage of primer curing can
then be achieved during the E-coat curing treatment in paint shop.
Compatibility with Paint-shop Treatment
Since the maximum service temperature for PVC (by Shah [3.8]) is typically below
100ºC, this material is not compatible with the paint-shop component-survivability requirements
and, thus, is not suitable for the BIW structural PMH components. On the contrary, the PA6 used
by Sasaki et al [3.9] can withstand temperature way in excess of 200ºC (particularly if reinforced
with glass fibers). While the ability of the polymer-to-metal bonding to withstand high
temperature was not directly investigated by either Shah [3.8] or Sasaki et al. [3.9], the covalent
nature of the chemical bonding observed suggests that the bonding strength should not be
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seriously compromised by the BIW chemical (e.g. degreasing) pre-treatment or the thermal (e.g.
the E-coat curing) treatment. Mechanical loading subjected to the BIW structure during pretreatment (power-spray washing) and/or painting (polymer/metal thermal-expansion mismatch
stresses), on the other hand, can compromise the integrity of the PMH components if the primer
has not cured sufficiently.
Durability of Polymer-to-metal Bond
In the work of Shah [3.8] and Sasaki et al [3.9], the durability of PMH components based
on direct-adhesion between polymers and metal in the presence of a primer was not directly
investigated. Hence, no definite statements can be made here regarding the suitability of this
approach to the BIW load-bearing components with respect to long-term reliability of such
components and their exposure to prolonged high-humidity high-temperature environment and in
severe cyclic loading. Nevertheless, since interfacial bonding is primarily covalent in nature, one
can speculate that the PMH components processed in this way would not seriously suffer from
low durability.
Summary Remarks
In summary, the primed-metal surface enhanced polymer-to-metal adhesion approach
entails a new process step (a metal-stamping surface cleaning and pre-treatment step) in press
shop or in injection-molding shop, which are not very economically attractive options in the
overall BIW manufacturing production scheme. Once such additional process step is introduced,
the remaining requirements associated with the primed-metal surface options are not significant
and can be readily met with the current BIW manufacturing practice. It should be noted, however,
that the last conclusion was based more on a sound engineering judgment than on the basis of
experimental data which could fully support such contention.
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3.5. Chemical Modifications of Polymer for Enhanced Adhesion
Within this approach, various chemical modifications are made either with the
polymerized thermoplastics or within its monomeric resin in order to enhance polymer-to-metal
direct-adhesion. While this approach is frequently used by the major automotive OEMs and their
first and second-tier suppliers, very little information is available in the open literature.
3.5.1. Technology Overview
Among the studies pertaining to chemical modifications of thermoplastic materials, the
work shared by Salladay and Stevens [3.10] with the present authors is perhaps most
comprehensive. The work of Salladay and Stevens [3.10] involves chemical modification of polyamide with self-ordering poly-(ester-amide) block co-polymer (a hot-melt adhesive-like material).
The material displays an exceptionally high adhesion strength (>20MPa) even in the cases in
which metal surfaces were covered with drawing compound/oil prior to injection over-molding.
An additional approach which falls into the categories of chemical-modification based
polymer-to-metal adhesion-enhancement involves chemical modification of the thermoplastic
resin, rather than chemical modification of the polymerized thermoplastic material. This approach
is most comprehensively applied in the work of Berry and Namkanisorn [3.11], who examined
the effect of various concentrations of styrl silane added directly into styrene (monomers) resin
onto the ability of the resin to directly bond to aluminum upon polymerization. Experimental
investigations of the aluminum/poly-styrene interfaces included interfacial fracture toughness and
adhesion strength measurement and X-ray photo-electron spectroscopy (XPS) characterizations
of the fracture surfaces, in test coupons processed under different metal substrate pre-treatment
conditions, silane concentrations and polymerization process conditions. The results obtained
clearly revealed that metal-surface preparation via either chromic-sulfuric acid etching or
phosphoric acid anodization is highly critical for attaining good polymer-to-metal adhesion. The
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concentration of styrl silane in styrene resin was found to affect the thickness of the polymer-tometal bonding interface and, in turn, the bond strength. Surface treatment of metal substrate
ensures that a sufficient density of binding sites is available to provide a grafted or tethered
polymer interfacial layer. When the thickness of such layer (controlled by the concentration of
silane in the styrene monomers) becomes comparable with the average distance between the
polymer-chain entanglement points, the polymer-to-metal adhesion strength reaches its maximum
value. The concentration of silane in the resin is also found to affect the bond-strength sensitivity
to the presence of moisture. On the anodized aluminum surface, a significant contribution to
polymer-to-metal adhesion is found to be associated with micro-scale mechanical interlocking.
3.5.2. Potential Application in BIW Structure
Metal-surface Preparation Requirements
The two investigations reviewed in this section revealed that in the case of chemicallymodified polymeric materials, no significant metal-surface pre-treatments are needed to obtain
the desired level of polymer-to-metal adhesion strength. This is highly encouraging, since no
introduction of additional process steps in press/injection-molding shop appears necessary. In
sharp contrast, in the case of chemically modified resin, the experimental results clearly revealed
that metal-surface preparation via either chromic-sulfuric acid etching or phosphoric acid
anodization is highly critical for attaining good polymer-to-metal adhesion. These types of
surface pre-treatments, due to their chemical nature, are highly undesirable.
Compatibility with the Injection-molding Process
Both of the investigations reviewed, show significant incompatibility with the standard
injection over-molding practice. In the work of Salladay and Stevens [3.10], pronounced adhesion
of the thermoplastic melt to the mold is generally observed, hampering the part ejection process.
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While this problem can be generally rectified through the use of mold-release agents and
relatively large draft angles, neither of these approaches is very attractive. Since the thermoplastic
melt is generally reinforced with glass fibers, mold-release agent is typically removed from the
mold surfaces by the injected polymeric melt after only few cycles and would have to be reapplied. As far as an increased draft angle is concerned, this condition coupled with a relativelylarge minimum injection-moldable wall thickness of the fiber-reinforced thermo-plastics,
typically leads to injection moldings with an excessive weight.
As far as the chemical modification of the monomer resin approach is concerned, this
approach entails minutes-long in-mold curing times to ensure at least partial curing of the resin.
Such times are not compatible with the seconds-long injection-molding cycle times
Compatibility with Paint-shop Treatment
To obtain the needed level of polymer-to-metal adhesion, Salladay and Stevens [3.10]
modified PA6 (a thermoplastic material with relatively high maximum service temperature) with
a low temperature hot melt thermoplastic adhesive material. This seriously compromised the
thermal stability of the resulting material, questioning if the associated PMH components could
survive the E-coat curing treatment. Based on the unpublished work of Salladay and Stevens
[3.10], the PMH components based on chemically modeled PA6 could withstand chemical and
mechanical loadings encountered during BIW pre-treatment and painting.
As far as the PMH approach based on chemical modifications of the resin is concerned
serious incompatibility with the pre-treatment/paint-shop processes can be observed.
Insufficiently cured resin could not generally withstand neither a chemical attack from BIW
degreases nor mechanical loads (during spray washing). In other words, serious compromise in
the structural integrity of the PMH component can occur prior to painting. As far as the E-coat
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curing treatment is concerned, it is likely that this treatment would help further cure the resin that
endanger structural integrity of the PMH component.
Durability of Polymer-to-metal Bond
Neither of the two studies reviewed above examined long-term durability of the associated
PMH components. What is clear, nevertheless, is that the nature of the polymer-to-metal bonding
is non-covalent and to some extent non-chemical. Such bonding is typically sensitive to a
prolonged exposure to moisture/high-temperature and fatigue.
Summary Remarks
Based on the analysis presented above, neither chemically modified polymeric material nor
chemically-modified resin based PMH approaches appear to be viable technologies for the BIW
load-bearing automotive components.
3.6. Other Polymer-to-metal Direct-adhesion Approaches
3.6.1. Technology Overview
The polymer-to-metal direct-adhesion approaches reviewed in Sections 3.3-3.5 were
primarily concerned with the potential use of these approaches in PMH (non-necessarily BIW
load-bearing) components. The review of the literature revealed other efforts which were not
focused on the PMH technology but address the issue of adhesion enhancement and, hence, can
have some bearings onto the identification of the optimal direct-adhesion PMH technology for the
BIW structural components. Among such approaches is commercial pre-coating of in-coil sheet
metal with organic coatings with proven high adhesion to specific injection-molding
thermoplastics. For example, reactive poly-vinylidene-fluoride (PVDF) is known to display good
adhesion to both (surface pre-treated) metals and commodity thermoplastics (poly-amide, polypropylene, etc.) [3.14]. These materials are currently being used as substitution for the stainless
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steel and exotic alloys commonly specified for fluid contact components such as piping, process
vessels, pumps, valves, etc. The present authors were not able to locate any public-domain reports
dealing with the use of sheet-metal pre-coated with high-adhesion organic coatings in automotive
BIW applications. On the other hand, there are numerous examples of the use of polymer prelaminated sheet-metal [e.g. 3.15]. The can-making research revealed that polymer-coating
survivability during the manufacturing operations involved in can making may become a serious
issue. The most demanding operation in can making is ironing because of the high pressures
involved as well as the necessary generation of new surfaces. While ironing is not generally
involved in the production of BIW components, the problem of coating survivability during
stamping operations has to be resolved before the organically pre-coated sheet-metal approach
can be considered as a viable BIW load-bearing PMH component manufacturing technology.
Another potential approach to direct-adhesion PMH technologies is the use of (color)
base-coats which are known to adhere well to metal substrates and which were chemicallymodified to enhance their adhesion to the injection molded thermo-plastics. Reports of the
investigation of such coats are typically found in studies dealing with painting of the injection
molded parts [e.g. 3.12,3.13]. Consequently, adhesion to metal parts is not typically considered.
Nevertheless, if generally good adhesion of such base coats to metals is not compromised by their
chemical modification, the approach could be of interest to the direct-adhesion PMH technology.
In Refs. [3.12,3.13], the development of a new base coat with improved adhesion to the thermoplastic olefin (TPO) part is presented. The new coat was obtained by chemically modifying the
standard base-coat formulations with olefinic diol. Using various tests (e.g. a cross-hatch tape
adhesion-strength test, a test to determine adhesion-strength sensitivity to prolonged
humidity/temperature exposure, a fuel-exposure resistance test, a thermal shock test, etc.), good
adhesion was found to exist between the modified base-coat and the TPO part without the use of
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adhesion promoter (e.g. chlorinated poly-olefins) or surface treatments (e.g. flame, plasma, etc.).
It was also stated that improved transfer efficiency of the applied base-coat with the TPO part can
be obtained via making the TPO part electrically conductive and using electrostatics. TPO usually
consists of poly-propylene, poly-ethylene, block copolymer poly-propylene, ethylene propylene
diol monomer (EPDM) rubber and talc. In automotive engineering, TPO is typically used for
bumper fascia and body side moldings. TPO is not normally used in the BIW structural
components since its melting temperature is too low, i.e. in a 160-180oC range. The modified
base coat was sprayed on the TPO surface and the coated TPO part baked at a temperature of
130oC for 30 minutes to ensure full curing of the base coat. The results obtained show that the
base coat modified with olefinic diol can adhere well to an injection-molded TPO part without the
use of an adhesion promoter and/or surface treatment. However, the coat curing time (30 minutes)
is way too long in comparison to the time taken for a typical injection molding cycle (several
seconds). In addition, the melting temperature for standard TPO grades is unacceptably low for a
BIW frame component. Fortunately, some TPO grades (e.g. Thermorun TT-811, Un-filled,
Mitsubishi Chemical) have the melting temperature as high as 260oC and may be expected to
survive the E-coat baking treatment in paint shop. The outstanding problem associated with
prolonged in-mold curing of the base coat can perhaps be overcome via the integration of
induction heating in the mold, as discussed earlier. If this is the case, PMH components can be
produced by spraying the base coat (just prior to injection molding) over the interior surface of a
U-shape BIW metal stamping and injection over-molding in-mold induction-heated stamping to
ensure sufficient in-mold curing of the coat.
3.6.2. Potential Application in BIW Structure
In general, the public-domain information for the PMH technologies listed under “Other
polymer-to-metal direct-adhesion approaches” is incomplete and no definite judgment (beyond
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the statements made in Section 3.6.1) can be made regarding their potential application in BIW
structural components.
3.7. The Effect of Water/Moisture on the Polymer-to-Metal Adhesion
In the previous sections, the effect of water (either absorbed by the polymer, or attracted to
the polymer/metal interface) on the durability of BIW load-bearing direct-adhesion PMH
components was mentioned very briefly. The reason for this was that the relevant research
published in the open literature did not address, in sufficient detail, this otherwise very important
problem. Nevertheless, because of the great importance of this problem in properly assessing the
suitability of different direct-adhesion PMH technologies in BIW load-bearing automotive
components, a brief discussion pertaining to the effect of water/moisture is presented in this
section. When assessing durability of the BIW load-bearing PMH components, the effect of
moisture on both the polymer and metal has to be considered. Moisture absorbed in polymeric
materials can lead to a wide range of effects, some of which are reversible (i.e. can be erased on
removal of water) while the others are irreversible (i.e. result in permanent changes in the
performance of polymers). Plasticization (i.e. loss in stiffness and strength associated with a
depression in the glass transition temperature) and swelling are examples of the reversible
processes. Among the irreversible changes in polymeric materials are: (a) hydrolysis effects
which are enhanced under tensile stress in alkaline water; (b) polymer oxidation; (c)
microstructural damage induced by the formation of micro-cavities; etc. It is generally believed
that absorbed water cannot be totally removed from polar polymers by thermal annealing since
the residual water is strongly bonded to polar sites.
Water can also lower the polymer-to-metal adhesion strength. It is generally observed
that there is a critical water concentration/humidity level below which environmental attack on
the polymer/metal interface does not occur. It is also generally believed that water-induced loss of
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adhesion is a result of chemical reactions between adsorbed water molecules and the OH groups
of the polymer, which cause the breaking of inter-chain hydrogen bonds and displacing adsorbed
OH groups from the surface of the substrate. Other mechanisms have also been proposed. For
example, Gledhill and Kinloch [3.16] suggested that for adhesion joints, where only secondary
forces are the mechanism of adhesion, the intrinsic stability of the polymer/metal-substrate
interface in the presence of an absorbed liquid may be evaluated from a consideration of the
thermodynamic work of adhesion. Typically, the work of adhesion for a dry adhesive/substrate
has a positive value, indicating thermodynamic stability of the interface. However, the
introduction of water may induce a negative value of the work of adhesion, which indicates that
the interface is unstable and the polymer may be easily displaced from the substrate by water. It
has been observed by many researchers [3.17-3.19] that the presence of water/moisture can
hydrolyze interfacial metal oxide and result in the formation of a hydrated oxide layer between
the underlying metal substrate and the polymer, which is mechanically weak and is the likely
interfacial failure location. To summarize, the aforementioned findings suggest that a loss of
adhesion strength can result from either the effect of water on the interfacial layer of polymer
and/or interfacial layer of metal.
In general, one can expect that the non-mechanical bonding between metal and
thermoplastic polymer is affected by the polar character of the polymer. In polar plastics, bonding
is not fully covalent and the time-averaged electron charge density is somewhat unbalanced
leading to the formation of electrical dipoles. These dipoles, when present at the polymer/metal
interface, affect the electron distribution at the metal side, producing London dispersion bonding.
Such bonding is generally absent in non-polar polymers. Polymethyl-methacrylate (PMMA),
poly-amide (PA), poly-vinyl-chloride (PVC) and poly-carbonate (PC) are examples of polar
polymers, while poly-tetrafluoroethylene (PTFE), poly-ethylene (PE), poly-propylene (PP) and
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poly-styrene (PS) are examples of non-polar polymers. The discussion presented above suggests
that, from the standpoint of maximum chemical polymer-to-metal adhesion, polar polymers are
preferred. Unfortunately, polar polymers tend to absorb excessive amount of water which, as
discussed earlier, can cause undesirable micro-structural changes in the polymers, introduce
internal stresses by swelling and weaken the polymer/metal interface. This makes the
identification of the optimal thermoplastic polymer for the polymer-to-metal direct-adhesion
PMH applications quite difficult. What is clear; however, is that micro-scale mechanical
interlocking approach to the BIW load-bearing PMH technology will be least affected by the
presence of water.
Since poly-amide (nylon) possesses a relatively high maximum service temperature
(required for the PMH technology compatibility with the E-coat curing treatment), it is important
to address the problem of water adsorption (surface phenomenon) and water absorption (bulk
phenomenon) on the nylon/metal adhesion and nylon properties. The family of nylons consists of
several different types, e.g. nylon 6, nylon 6/6, nylon 6/12, etc. The numbers refer to the number
of methyl units (-CH2-) residing on each side of the nitrogen atoms (amide groups) which
influences the property profiles of the material. Polarity (and, hence, moisture absorbance)
decreases with an increase in the separation and with a decrease in location regularity of the very
polar amide groups. At the same time, thermal stability is lowered due to higher flexibility and
mobility in these methyl unit sections of the main chain. As these units increase in length making
the molecules appear more like polyethylene, as is the case of nylon 6/12, the properties of the
nylon shift slightly toward those of polyethylene. Consequently, nylon 6/12 possesses lower
modulus, higher elongation, lower strength, lower thermal distortion temperature, lower hardness
and lower melting point than nylon 6/6. At the same time, moisture absorption in nylon 6/12
(more expensive than nylon 6/6) is approximately half of that of nylon 6/6 ensuring that the

85

properties of the former are much more consistent and experience less humidity-induced
fluctuations. Based on these findings, one can anticipate that a moderately polar nylon would be
optimal, among the nylon family, for the direct-adhesion PMH applications.
3.8. Summary and Conclusions
Based on the results obtained in the present work, the following main summary remarks
and conclusions can be drawn:
1. A comprehensive review is provided of the public-domain literature dealing with
various polymer-to-metal direct-adhesion efforts.
2. The efforts and their results were critically assessed with respect to their potential use
in the BIW load-bearing applications. The analysis included both the consideration of the
functionality and durability of the BIW load-bearing components and the compatibility of various
PMH technologies within the BIW manufacturing process chain.
3. The overview of the literature revealed that while considerable amount of research has
been done in the PMH direct-adhesion area, many aspects of these technologies which are critical
from the standpoint of their use in the BIW structural applications have not been addressed (or
addressed properly).
4. Among the PMH technologies identified, the one based on micro-scale mechanical
interlocking between the injection-molded thermoplastic polymer and stamped-metal structural
component appears to be most promising. It should be noted that this conclusion was influenced
by the number and completeness of the investigations and their results for different directadhesion PMH technologies.
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CHAPTER 4
SELECTION OF THE SPRAYING TECHNOLGIES FOR OVER-COATING OF METALSTAMPINGS WITH THERMOPLASTICS FOR USE IN DIRECT-ADHESION POLYMER
METAL HYBRID LOAD-BEARING COMPONENT
4.1. Abstract
The suitability of various polymer-powder spraying technologies for coating of metal
stampings used in polymer metal hybrid (PMH) load-bearing automotive-component applications
is considered. The suitability of the spraying technologies is assessed with respect to a need for
metal-stamping surface preparation/treatment, their ability to deposit the polymeric material
without significant material degradation, the ability to selectively overcoat the metal-stamping,
the resulting magnitude of the polymer-to-metal adhesion strength, durability of the
polymer/metal bond with respect to prolonged exposure to high-temperature/high-humidity and
mechanical/thermal fatigue service conditions, and compatibility with the automotive body-inwhite (BIW) manufacturing process chain. The analysis revealed that while each of the spraying
technologies has some limitations, the cold-gas dynamic-spray process appears to be the leading
candidate technology for the indicated applications.
4.2. Introduction
Over the last decade, polymer metal hybrid (PMH) structures have been used in variety
of automotive applications ranging from the instrument-panel cross-beams via the roof-panelcross-support to the entire front-end vehicle modules. The main idea behind the PMH technology
is to use a system level approach in order to combine the structural and non-structural functions
of a number of components, into a singular fully-optimized sub-assembly (typically consisting of
a metal-stamping core and plastic injection-molded overcoat containing multiple ribs). This
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approach generally yields, due to its underlying material/structure system-integration approach,
greater system-level benefits relative to those obtained by simple merging/joining of the
proximate parts/components.
The subject of the present work is the use of the PMH technology in load-bearing BIW
automotive components. An example of such a component is depicted in Figures 4-1(a)-(b). The
component in question is generally referred to as the “rear longitudinal beam” which connects,
on the front end, to the rocker panel, on the middle to the shock tower, while at the rear end it
connects to the rear cross beam. The traditional all-metal design of this component is displayed in
Figure 4-1(a) and includes three components: (a) main U-shape channel beam; (b) a
reinforcement plate and (c) a cover plate. The latter two components are spot welded to the first
one. It should be noted that the cover plate is slightly translated in Figure 4-1(a) in order to reveal
the location of the reinforcing plate. The PMH rendition of the same component is depicted in
Figure 4-1(b). The reinforcement plate has been replaced with an injection-molded thermoplastic
rib-like sub-structure, while the thickness of the cover-plate (not shown in Figure 4-1(b) for
clarity) is reduced.
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Figure 4-1: An Example of the: (a) All-metal and (b) PMH Load-bearing Automotive Component

The main PMH technologies currently being employed in the automotive industry can be
grouped into three major categories: (a) Injection over-molding technologies [4.1]; (b) Metalover-molding technologies combined with secondary joining operations [4.2]; and (c)
Adhesively-bonded PMHs [4.3]. A detailed description for each of these groups of PMH
manufacturing technologies can be found in our recent work [4.4]. Hence, only a brief overview
of each is given below.
In the injection over-molding process, metal inserts with matching flared through-holes
are stamped, placed in an injection mold and over-molded with short glass fiber-reinforced
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thermoplastics to create a cross-ribbed supporting structure. The metal and plastics are joined by
the rivets which are formed by the polymer melt penetrating through-holes in the metal
stamping(s). Such rivets then provide mechanical interlocks between the plastics and the metal. In
the metal over-molding PMH technology, a steel stamping is placed in an injection mold, where
its underside is coated with a thin layer of reinforced thermoplastics. In a secondary operation, the
plastics-coated surface of the metal insert is ultrasonically welded to an injection molded glassreinforced thermoplastic sub-component. In this process, a closed-section structure with
continuous bond lines is produced which offers a high load-bearing capability. In the adhesivelybonded PMH technology, glass fiber-reinforced poly-propylene is joined to a metal stamping
using Dow’s proprietary low-energy surface adhesive (LESA) [4.4]. The acrylic-epoxy adhesive
does not require pre-treating of the low surface-energy poly-propylene and is applied by highspeed robots. Adhesive bonding creates continuous bond lines, minimizes stress concentrations
and acts as a buffer which absorbs contact stresses between the metal and polymer subcomponents. Adhesively-bonded PMHs enable the creation of closed-section structures which
offer high load-bearing capabilities and the possibility for enhanced functionality of hybrid parts
(e.g. direct mounting of air bags in instrument-panel beams or incorporation of air or water
circulation inside door modules).
While the aforementioned PMH technologies have demonstrated their potential and are
being widely used in various non-structural and load-bearing automotive components, they
nevertheless display some significant shortcomings. For example, in many applications, to
maintain the structural integrity of the part, hole punching needed for polymer-to-metal
interlocking in the injection over-molding process may not be allowed. Similarly, stamped-edges
over-molding may be restricted. In the case of adhesively-bonded PMHs, the adhesive cost, long
curing time and the ability of the adhesive to withstand aggressive chemical and thermal
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environments encountered in the paint-shop during BIW pre-treatment and E-coat curing may be
an issue. Consequently, alternative lower-cost PMH technologies for structural load-bearing BIW
component which are compatible with the BIW manufacturing process chain are being sought.
One of such technologies, which is the subject of the present work, is the so called directadhesion PMH technology in which the joining between the metal and thermo-plastic subcomponents is attained through direct-adhesion of injection-molded thermo-plastics to the metal
without the use of interlocking rivets/over-molded edges or structural adhesives [4.4]. There are
several potential advantages offered by this technology over the ones discussed above: (a)
Polymer-to-metal adhesion strengths (ca. 35MPa [4.4]) comparable with those obtained in the
case of thermo-setting adhesives are feasible but only at a small fraction of the manufacturing
cycle time; (b) The shorter cycle time and the lack of use of an adhesive allow for more
economical PMH-component production; (c) Unlike the adhesive-bonding technology, joining is
not limited to simple and non-interfering contact surfaces; (d) Reduced possibility for entrapping
air in undercuts of a complex surface; (e) No holes for the formation of interlocking rivets are
required and, hence, structural integrity of the part is not compromised; and (f) Overall reduction
in the constraints placed upon the design complexity of the PMH component.
In our previous work [4.4], it was shown that, in order to ensure a good load transfer
between the polymer and the metal sub-components in the direct-adhesion PMH structures, a
plastic overlay (with a large contact surface area with the metal stamping) is needed in addition to
the plastic rib-like structure. An example of such an overlay is depicted in Figure 4-1(b).
Furthermore, our previous work [4.4] has demonstrated that if the overlay is produced
simultaneously as the ribbing structure using conventional injection molding, the weight of the
resulting PMH component would be excessively high. The primary reason for this was the
existence of a minimal injection-moldable part wall thickness, which in the case of short glass
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fiber-reinforced nylon 6 (the material most commonly used in the injection over-molding PMH
technology) amounts to ~2mm (and becomes even larger as the need for drafting is
accommodated). To overcome this limitation, it is suggested [4.4] that the overlay should be
fabricated using one of the polymer-powder spraying technologies. Such technologies enable
fabrication of coating layer with ca. 0.5mm thickness and, hence, could substantially reduce the
PMH-component weight. Once the overlay has been spray formed, the plastic ribbing structure
can be injection molded against it.
In the present work, a brief overview of the main polymer-powder spraying technologies
and an analysis of their suitability for use in the direct-adhesion PMH technologies aimed at loadbearing BIW components are presented. In order to carry out such suitability assessment a
number of suitability criteria have been developed. Some of these criteria are related to the PMHcomponent manufacturability, others with respect to the long-term durability of the PMHcomponent while the remaining ones with respect to the compatibility of the PMHcomponent/process with the BIW manufacturing process chain. It should be noted that the farreaching objective of the present work is to critically assess the potential of direct-adhesion PMH
technology in BIW load-bearing applications. Hence, significant body of work dealing with
polymer-to-metal adhesion developed within the electronic packaging field is not presented, since
the approaches used employed very thin (10-100µm) metal and/or polymeric structures and were
not compatible with the BIW manufacturing process chain.
As stated earlier, the objective of the present work is to assess the potential of different
polymer-powder spraying technologies for use in direct-adhesion PMH load-bearing BIW
components both from the component function standpoint and the stand point of compatibility
with the BIW manufacturing process chain. In traditional all-metal BIW manufacturing practice,
components are stamped in the press shop, joined (typically by welding) in body shop and the
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constructed BIW pre-treated and painted in paint shop. In the case of injection over-molding BIW
PMH components, stamped metal subcomponents are “hybridized” with thermoplastic ribbing
structure in injection molding shop. Hence to assess the suitability of various polymer-powder
spraying technologies for BIW load-bearing applications, their compatibility with various
processes taking place in press shop, injection molding shop, body shop and paint shop will be
considered. Specific aspects of the BIW manufacturing process chain capability are discussed in
the following sections.
It should be also noted that the present chapter is part of the ongoing research which deals
with a total life-cycle approach to the selection of materials, and manufacturing/processing
technologies in the light-weight engineering of the automotive BIW structural applications.
Within such an approach, all the key BIW manufacturing process steps are considered. These
steps include, metal-subcomponent manufacturing by stamping in the process shop, PMH
component or thermoplastic sub-component manufacturing in the injection-molding shop, BIW
construction by various joining processes in the body shop, BIW pre-treatment and painting in the
paint shop, component performance and durability in service, and end-of-life considerations
including disassembly, shredding, materials segregation, separation and recycling.
4.3. Overview of Polymer-powder Spray Processes
In this section a brief overview is given of the major polymer-powder spraying
technologies. Since the final goal of the present work is to assess the suitability of these
technologies for plastic-overlay deposition needed in the direct-adhesion PMH technology, the
spraying processing are presented using a common platform. Such platform includes the
consideration of the following aspects of each process: (a) problem description; (b) variation of
the process; (c) depositing materials (d) substrate materials; (e) depositing/substrate materials pretreatment; (f) part post-treatment; (g) major advantages and (h) main limitations.
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4.3.1. Cold-gas Dynamic Spray
Process Description
The cold-gas dynamic spray process, often referred to as “cold spray”, is a high-rate
coating and free-form fabrication process in which fine, solid powder particles (generally 1 to 50
µm in diameter) are accelerated to high velocities (ca.100m/s for polymeric materials) by
entrainment in a (often supersonic) jet of compressed (propellant) gas. The solid particles are
directed toward a substrate, where during impact, they undergo plastic deformation and bond to
the surface, rapidly building up a layer of the depositing material. Cold spray as a coating
technology was initially developed in the mid-1980s at the Institute for Theoretical and Applied
Mechanics of the Siberian Division of the Russian Academy of Science in Novosibirsk [4.5,4.6].
The Russian scientists successfully deposited a wide range of pure metals, metallic alloys,
polymers and composites onto a variety of substrate materials. In addition, the Russian scientists
demonstrated that very high surface deposition rates on the order of 5 m2/min (~ 300 ft2/min) are
attainable using the cold-spray process.
In a typical cold-spray process, a compressed propellant gas of an inlet pressure on the
order of 30 bar (500 psi) enters the device and flows through a converging/diverging DeLavaltype nozzle to attain a high velocity. The solid powder particles are metered into the gas flow
upstream of the converging section of the nozzle and are accelerated by the rapidly expanding
gas. To achieve higher gas flow velocities in the nozzle, the compressed gas is often preheated.
However, while preheat temperatures as high as 900o K are sometimes used, due to the fact that
the contact time of spray particles with the hot gas is quite short and that the gas rapidly cools as
it expands in the diverging section of the nozzle, the temperature of the particles remains
substantially below the initial gas preheat temperature and, hence, below the melting temperature
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of the powder material. A simple schematic of the cold-gas dynamic spray process is shown in
Figure 4-2.

Process
Chamber
De Laval
Nozzle
Powder
Spray Particles
Substrate
Compressed and
Heated Process Gas Supply

Figure 4-2: A Schematic of the Cold-gas Dynamic-spray Process

The actual mechanism by which the solid particles deform and bond during cold spray is
still not well understood. It is well-established; however, that in the case of metallic feed particles
and the metallic substrates extensive localized plastic deformation takes place during the impact.
This causes disruption of the thin surface (oxide) films and enables an intimate conformal contact
between the particles and the substrate/deposited material. The intimate conformal contact of
clean surfaces combined with high contact pressures are believed to be necessary conditions for
particles/substrate and particles/deposited material bonding. As far as the bonding mechanism
between the sprayed polymer and metallic substrates is concerned, the picture is much less clear.
It is generally believed, however, that micron-scale mechanical interlocking between the two
materials at the polymer/metal interfaces plays an important role.
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Variations of the Process
With the exception of some differences in the carrier-gas and powder delivery systems
and nozzle designs, no distinct variations of the cold-gas dynamic-spray process could be
identified.
Depositing Materials
A wide range of ductile (metallic and polymeric) materials can be successfully deposited
by the cold spray while non-ductile materials such as ceramics can be deposited only if they are
co-cold-sprayed with a ductile (matrix) material.
Substrate materials
Since a good combination of strength and ductility of the substrate is a critical component
of the process, metallic materials are typically used as substrates.
Pre-treatment
To obtain higher jet speeds, the carrier gas is typically pre-heated to a couple of hundreds
of degrees of Celsius. In the case of plastic powder materials, cleaning/degreasing and preheating of the substrate appear to have a positive effect in attaining larger deposition yields and
higher polymer-to-metal adhesion strengths [4.7].
Post-treatment
Typically no post-treatment is needed for cold-sprayed parts.
Advantages
Because of its low-temperature operation, the cold-spray process generally offers a
number of advantages over the thermal-spray processes when used for deposition of the
polymeric materials. Among these advantages, the most important appear to be [4.8,4.9]: (a) The
amount of heat delivered to the coated part is relatively small so that microstructural changes in
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the substrate material are minimal or nonexistent; (b) Due to the absence of in-flight oxidation
and other chemical reactions, thermally- and oxygen-sensitive depositing materials can be cold
sprayed without significant material degradation; (c) “Peening” effects caused by the impinging
powder particles can give rise to potentially beneficial compressive residual stresses in cold-spray
deposited materials [4.8] in contrast to the highly detrimental tensile residual stresses induced by
solidification shrinkage accompanying the conventional thermal-spray processes; and (d) Cold
spray of the polymeric materials offers exciting new possibilities for cost-effective and
environmentally-friendly alternatives to the conventional solvent-based painting technologies.
Disadvantages
Due to visco-elastic (i.e. strain-rate dependent) nature of the thermoplastic materials and
the mechanical-interlocking character of the polymer-to-metal bonding, a relatively narrow,
material and particle-size dependent processing window is typically available for successful coldspray deposition of thermoplastic coatings.
4.3.2. Electrostatic Powder Coating Spray Process
Process Description
Electrostatic-spray powder-coating process utilizes a powder-air mixture delivered to the
spray gun from a fluidized-bed feed system. Within the gun, the powder is electro-statically
charged and directed toward a grounded metal substrate being coated. A simple schematic of the
electrostatic-spray powder-coating process is shown in Figure 4-3.
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Figure 4-3: A Schematic of the Corona Spray Process

Variations of the Process
There are two basic variations of this process which mutually differ with respect to the
way the electrostatic charge is applied to the powder: (a) within the “corona” electrostatic spray
process, the powder is charged via an electrode subjected to a high negative DC voltage; and (b)
in the “tribo-charge” electrostatic spray process, the powder is charged by friction accompanying
the contact between the powder particles and the spray-gun inner lining.
Depositing Material
Currently, in excess of 90% of thermosetting coatings are deposited using the
electrostatic spray process, while the process is also widely used for the deposition of variety of
thermoplastic coatings (e.g. nylon, vinyl, poly-olefins)
Substrate material
Since electrical grounding of the substrate is a critical component of the process, metallic
materials are typically used as substrates.
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Pre-treatment
To remove the moisture, air is typically passed through a drying bed. Powder must be
electro-statically charged. Standard cleaning/degreasing of the metal substrate is required. For
thicker coatings (0.1-0.5mm), substrate preheating is necessary.
Post-treatment
Curing/fusion of the deposited powder is required and can be carried out at different
temperatures (curing/fusing cycles as short as 20-60 seconds at temperatures around 200oC are
typically needed)
Advantages
High deposition efficiency since the over-sprayed powder is reclaimed, short cycle time,
high adaptability to automation, suitable for a large variety of depositing and substrate materials.
Disadvantages
Difficulties in attaining uniform coating thickness in parts with complex geometries.
4.3.3. Fluidized-bed Powder Coating Process
Process Description
In the fluidized-bed powder coating process, the coating powder is held in a container
which is at its bottom separated from an air chamber (commonly referred to as “plenum”) by a
perforated plate. Compressed air is introduced into the plenum and through the perforated plate,
into the coating-particle bed. As the compressed air passes through the bed it lifts the particles
causing them to get suspended and to form a “fluidized bed” of the particle/air mixture. When the
substrate is brought into a contact with the fluidized bed, coating takes place.

102

Variations of the Process
There are two basic variations of the fluidized-bed powder coating process: (a) a
conventional process and (b) an electrostatic process. Schematics of these processes are given in
Figures 4-4(a)-(b). Within the conventional fluidized-bed powder coating process, the part to be
coated is preheated and lowered into the fluidized-particle bed. In the electrostatic fluidized-bed
powder coating process, particles in the fluidized bed are charged using a high-voltage DC
electrode. While the metallic part is electrically grounded and suspended above the fluidized bed,
electrostatic interactions between fluidized-bed charged particles and the grounded substrate then
causes particle acceleration toward the substrate and, in turn, to the formation of the coating on
the part.
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Figure 4-4: A Schematic of the: (a) Conventional and (b) Electrostatic Fluidized-bed Process
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Depositing Material
Both versions of the fluidized-bed powder-coating process are widely used for the
deposition of common thermoplastics (e.g. nylon, vinyl, poly-olefins, etc.) and common
thermosets (e.g. epoxy, acrylics, etc.)
Substrate material
Typically metallic materials are used as substrates and in the case of the electrostatic
fluidized-bed powder coating process, electrical grounding of the part entail a high-level of
electrical conductivity of the part material.
Pre-treatment
With the exception of drying and electrostatic charging of the powder (in the case of
electrostatic fluidized-bed process) no special powder pretreatment is required. Standard
cleaning/degreasing of the substrate is required. In the case of the conventional process, the part
is pre-heated and, often, pre-primed for improved coating adhesion.
Post-treatment
Relatively short (3-5 min) post-coating heat treatment (at ca. 200oC) is typically required
to ensure smooth and less porous coating (in the case of thermoplastic) and complete curing (in
the case of thermosets).
Advantages
One of the main advantages of the fluidized-bed powder coating process is uniformity in
the coating thickness and the microstructure. Essentially perfect material-transfer efficiency is
typically attained. Also, in the case of the electrostatic fluidized-bed process, no preheating of the
substrate is required.
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Disadvantages
Main limitations of the fluidized-bed powder coating process are: (a) suitable for
relatively small to middle-size parts; (b) generally not suitable for coating of selected portions of
the part; (d) in the case of the electrostatic process, the inside corners of the part are typically less
coated due to the interplay of the so-called “Faraday cage effect”.
4.3.4. Thermal Spray Powder Coating Process
Process Description
Within the thermal spray powder coating process, powder particles in a 1-50µm size
range are (at least partially melted) inside a spray gun and accelerated to high-velocities (ca. 40100 m/s for flame, 400-800 m/s for HVOF, 80-300 m/s for plasma coating process) toward the
substrate. Upon impact, the particles splatter onto the surface building a coating layer.
Variations of the Process
All the thermal spray processes are generally classified as combustion and electric
processes. Among the combustion type thermal spray processes the ones most frequently used for
the deposition of plastic are flame and high-velocity oxygen fuel (HVOF) spraying processes.
Schematics of these two thermal spray processes are given in Figures 4-5(a)-(b). The fundamental
difference between these two processes is that in the case of flame spraying the powder material
is fed continuously to the tip of the spraying gun where it is melted in a fuel/gas flame and
propelled to the substrate in a stream of carrier gas (typically air). Usually, acetylene, propane and
methyl acetylene-propadiene are used as fuel. Within the HVOF process fuel and oxygen are premixed, combusted in a confined space and accelerated to supersonic speeds in an extended
nozzle. While the powder particles are injected into the flame. Consequently, the resulting coating
is characterized by a high-density, low-porosity and a high bond-strength.
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Among the electrical thermal spray coating processes, the one most frequently used for
the deposition of plastic coatings is plasma-arc spray process. Within this process, powder
particles are melted within the spray gun by an electric arc created between an internal centralline electrode and the gun nozzle (which acts as a second electrode). A pressurized inert gas is
passed between the electrodes where it is heated to very high temperatures to form a plasma gas.
As the powder particles are introduced into the plasma gas, they are melted and propelled toward
the substrate. A schematic of the plasma-arc spray process is given in Figure 4-5(c).
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Figure 4-5: A Schematic of the: (a) Flame; (b) High-velocity Oxygen Fuel (HVOF)
and (c) Plasma-arc Thermal Spray Process
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Figure 4-5: Continued…

Depositing Material
A wide variety of metallic, ceramic and polymeric coating materials can be used.
Substrate material
Likewise, a variety of metallic, ceramic and polymeric materials can be used as substrate
materials.
Pre-treatment
No particular pre-treatment of the polymeric powder is required while standard grit
blasting, cleaning/degreasing of the substrate is normally required. Pre-heating of the substrate is
generally not a pre-requisite for good adhesion bonding.
Post-treatment
Typically no post-treatment of the thermal spray coated parts is required.
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Advantages
Among the main advantages of the thermal spray processes are: (a) no requirements exist
with respect to substrate pre-heating; (b) a large variety of depositing and substrate materials can
be utilized; and (c) low-porosity, high-density coating can be readily produced (particularly in the
HVOF process).
Disadvantages
Potential for thermal degradation and oxidation of the coating material and the substrate
appear to be the main concerns accompanying thermal spray deposition processes.
4.4. Selection of the Powder Coating Process
To select the most suitable powder coating process (among the ones discussed in the
previous section), the standard decision matrix approach was used [4.10]. The decision matrix
approach entails the definitions of constraints (i.e. the conditions which must be satisfied) and
criteria (i.e. the conditions which are used to judge the suitability of a given solution alternative).
To define the constraints and the criteria for selection of the powder coating process for the BIW
load-bearing application at hand, the Quality Functional Deployment (QFD) approach was
utilized [4.11]. The QFD approach provides guidance for converting the customer needs (i.e.
quality) into the technical/engineering specifications (i.e. functions) of the product /process to be
designed (selected, in the present case) or service to be offered. The needs of the customer (an
injection-molding shop, in the present case) are simply defined as: “A polymer powder coating
process is needed which will require little pre-treatment of metal stampings and polymer powder,
be easily integrated into the existing process chain within the shop, be readily automated and
safe, have cycle time comparable with that for plastic-rib structure injection process, can be used
to deposit relatively-high melting-point polymers, produce strong and durable polymer-to-metal
bond, require little post-coat treating, and, above all be inexpensive.” These needs are then
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converted into a list of specific engineering requirements, i.e. constraints and criteria, given
below.
For the case at hand which involves thermoplastic-overlay fabrication at selected
locations within the interior of a U-shape load-bearing BIW structural component, the following
four constraints were identified:
1. The process must be able to coat only pre-selected portions of the metal-stamping
substrate without a requirement for extensive masking;
2. The process must be able to deposit relatively-high melting-point thermoplastics (e.g.
nylon) which can withstand a typical 190oC/30min E-coat curing treatment in the paint shop;
3. The process must ensure a minimal polymer-to-metal adhesion strength of ca. 5MPa;
and
4. The total coating cycle time must be comparable with the injection molding cycle time
(when coating is carried out just prior to injection molding) and thus have duration of several
seconds, not minutes.
Fulfillment of these constraints by the powder-coating process alternatives is presented in
Table 4-1. It is seen that with the exception of the electrostatic spraying process and the
electrostatic fluidized bed process which require post-coat heat treatment and with the exception
of the conventional fluidized-bed process which entails extensive masking of the metal stamping,
all the constraints are met by the remaining powder-coating spray technologies. While, in general,
short cycle-time infra-red radiation-based post-coat heat-treating processing is available to
remedy the aforementioned deficiencies of the electrostatic spraying and the electrostatic
fluidized bed processes, high geometrical complexity of the BIW components and the need for a
line-of-sight renders the infra-red radiation treatment not very effective. It should also be noted
that, in the case of the cold-gas dynamic spray process no public-domain data could be located
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pertaining to the ability of this process to deposit nylon. To overcome this deficiency, a simple
computational analysis of the cold-gas dynamic-spray process involving formation of a nylon
coat on top of a metallic substrate is presented in Section 4.6. This analysis suggested that nylon
can be cold-sprayed, provided the particles velocity and temperature are kept within well defined
ranges. Based on all these considerations, it was concluded that all the powder-coating spray
processes considered in the previous section except for the electrostatic spray process are viable
candidates for the overlay fabrication. The next question to be answered is “Which of the
processes is the most attractive alternative?” This question will be answered by constructing the
appropriate decision matrix.
The decision matrix approach enables evaluation and ranking of competing alternative
solutions to a problem using a list of weighted (ranking) criteria. The method is commonly used
in situations involving the selection of a simple alternative solution and the decision involves
consideration of a number of criteria. To construct the appropriate decision matrix the following
steps are generally followed:
(a) An extensive list of criteria which are used to judge the suitability of an alternative
solution is created via project-team brainstorming, input from the customer(s) and through the use
of the QFD method;
(b) The list from (a) is critically evaluated and one or more list reduction tools
(e.g. multi-voting) are used to obtain the final list of criteria;
(c) Next, relative importance of each criterion is assessed by assigning a relative
weighting factor to each. Table 4-2 contains a list of the final criteria, their weighting factors and
a brief justification for the assigned importance (i.e. the weighting factor) to each criterion. The
results listed in Table 4-2 were obtained using pair-wise comparison between different criteria in
order to assess their relative importance. As a result of each two-criteria comparison, score 0 is
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assigned to both criteria if they are judged equally important, score 1 is assigned to the more
important criterion and score -1 to the less important criterion. The pair-wise comparison
approach used in the present work is summarized in Table 4-3. The results appearing in the last
column of Table 4-3 and the justification presented in the last column of Table 4-2 were used to
assign the weighting factor for each of the criteria, Column 2, Table 4-2;
(d) Next, a two-dimensional matrix (the decision matrix) is constructed by listing the
criteria with their weights along one (horizontal or vertical) direction and the alternative solutions
along the other;
(e) Each alternative is then evaluated with respect to its ability to accommodate each of
the criteria and the corresponding score is assigned. Most frequently, one of the following two
ways for score assigning are used: (i) a fixed scale (e.g. 1-5. with a higher score denoting a
superior solution) is used for each criterion and a score (e.g. 3) is assigned to given alternative.
(e.g. cold-gas dynamic spray) for the given criterion (e.g. minimal need for metal-substrate preheating); or (ii) within each criterion, the alternative solutions are ranked and given a score based
on their ranking (with score 1 being the least favorable alternative with respect to the criterion in
question, score 2 being the second least favorable alternative, etc.). The first method of score
assigning is used in the present work; and
(f) Lastly, scores for each alternative are multiplied with the corresponding criterion
weighting factor and summed to get a total score for each alternative, last row, Table 4-4. The
alternatives with the highest overall score are then closely examined to obtain the final single
choice.
The decision matrix pertaining to the selection of the optimal powder spray coating
technology for the fabrication of thermoplastic overlay at selected (interior) locations of a typical
U-shape BIW load-bearing direct-adhesion PMH component considered in the present work is

113

given in Table 4-4. The results displayed in Table 4-4 suggest that the cold-gas dynamic-spray
process is the most suitable alternative for the fabrication of a nylon overlay in the interior of a Ushape BIW load-bearing direct-adhesion PMH component. A careful examination of the results
displayed in Table 4-4 indicates that the main reasons for the cold-gas dynamic-spray process
being identified as the best alternative are a relatively low cost and the ability of the process to
deposit the thermoplastic material without causing any thermal degradation to it.
Table 4-1: Fulfillment of the Requirements Imposed by the PMH Direct-adhesion BIW Load-bearing
Components onto the Candidate Powder Coating Technologies
Constraints
Process

Cold-gas
Dynamic
Spray

Variations of
Process

N/A

1

2

3

4

Selective
Coating
without
masking

Nylon
Compatible

Minimum
Adhesion
Strength
5 MPa

Cycle Time
in Seconds

Yes

Yes
(Section V)

Yes

Yes

Yes

Yes

Yes

Tribo-Charge

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No
(due to postcoat
treatment)

Electrostatic
Spray

Conventional
Fluidized
Bed
Electrostatic

Thermal
Spray

No
(due to postcoat
treatment)
No
(due to postcoat
treatment)

CoronaCharge

No
(due to need
for extensive
masking)
No
(due to need
for extensive
masking)

Flame

Yes

Yes

Yes

Yes

HVOF

Yes

Yes

Yes

Yes

Plasma-arc

Yes

Yes

Yes

Yes

114

Table 4-2: Final List of Ranking Criterion, Weighting Factors and Justification of Importance of the
Criteria Used in the Decision Matrix Approach
Ranking Criterion
1.
Minimal need for metalsubstrate pre-treatment
(e.g. sanding, grit blasting,
cleaning/degreasing, etc.)
2.
Minimal need for metalsubstrate pre-heating
3.
Minimal additional
requirements for powder
pre-treatment
(e.g. screening, drying,
etc.)
4.
Ability to coat uniformly
intrinsic geometrical
features of the metal
substrate
5.
Minimal thermal/chemical
degradation of the
depositing and substrate
materials
6.
Minimal need for post
coating treatment
7.
Minimal overlay
manufacturing cost
8.
Maximal ease of
automation

Weighting
Factor

Justification of Importance

2

It is desirable, but not absolutely critical, to be able
to leave drawing compound on the stamping to
minimize the possibility for surface damage and not
to have to introduce additional cleaning process step
in the injection-molding shop.

3

Metal-substrate pre-heating is an additional process
step in the injection molding shop and can degrade
metallic-material properties.

2

Any additional powder pre-treatment would
introduce a new process step in the injection
molding shop and unnecessarily increase the overlay
fabrication cost.

5

Uniform coating thickness is critical for ensuring a
proper transfer of load between polymer and metal
and for controlling the overall weight of the overlay.

5

Thermal/chemical degradation of the depositing and
substrate materials can seriously jeopardize
materials properties and, hence, functionality of the
PMH component.

3

If the post coating treatment does not seriously
compromise the overall overlay-fabrication cycle
time, it is a less critical requirement.

5

In addition to reducing the component weight, the
PMH approach should not compromise (if not
reduce) the overall manufacturing cost.

5

Automation is a critical element of the effort to
reduce the overall manufacturing cost.
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Table 4-3: A Pair-wise Comparison Matrix Used to Assign a Relative Weighting Factors to the
Powder-coating Process-selection Criteria
Criteria

Substrate
Pre-treat

Substrate
Pre-heat

Powder
Pre-treat

Uniform
Coating

Material
Degradation

Post-coat
Treatment

Cost

Automation

TOTAL

Substrate
Pre-treat

0

-1

0

-1

-1

0

-1

-1

-5

Substrate
Pre-heat

1

0

1

-1

-1

-1

-1

-1

-3

Powder
Pre-treat

0

-1

0

-1

-1

-1

-1

-1

-6

Uniform
Coating

1

1

1

0

0

1

0

0

4

Material
Degradation

1

1

1

0

0

1

0

0

4

Post-coat
Treatment

0

1

1

-1

-1

0

-1

-1

-2

Cost

1

1

1

0

0

1

0

0

4

Automation

1

1

1

0

0

1

0

0

4

116

Table 4-4: Decision Matrix for Powder Coating Deposition Process for PMH Overlay Fabrication.
Weighting Factors are Given Within Parenthesis in the First Column. Scoring is Done on a 1-5 Scale
Alternative Solutions
Criterion and
Weight

1.
Substrate
Pre-treatment
(2)
2.
Substrate
Pre-heating
(3)
3.
Powder
Pre-treatment
(2)
4.
Uniform Coating
(5)
5.
Material
Degradation
(5)
6.
Post-coat
Treatment
(3)
7.
Cost
(5)
8.
Automation
(5)
TOTAL

1

2

3

4

Cold-gas
Spray

Flame
Spray

HVOF
Spray

Plasma-arc
Spray

5x2=10

3x2=6

3x2=6

3x2=6

4x3=12

5x3=15

5x3=15

5x3=15

5x2=10

5x2=10

5x2=10

5x2=10

3x5=15

3x5=15

3x5=15

3x5=15

5x5=25

3x5=15

2x5=10

1x5=5

5x3=15

4x3=12

5x3=15

5x3=15

4x5=20

4x5=20

3x5=15

3x5=15

4x5=20

4x5=20

3x5=15

3x5=15
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101

96
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4.5. Cost Analysis for the Overlay Fabrication
As discussed in the previous section, the cost is an important criterion in choosing the
most suitable powder coating process for the direct adhesion PMH load-bearing BIW applications
at hand. In the decision matrix, Table 4-4, each of the alternative solutions was assigned a score
in the criterion 7 using an estimated cost associated with the use of the coating process in
question. While a detailed discussion of the procedure used in assessing the total manufacturing
cost associated with the overlay fabrication process is beyond the scope of the present chapter, a
brief account of this procedure is presented in the remainder of this section.
In general, the total manufacturing cost, Cm, is segregated into contributing components
as follows:
Cm = Cmat + Ccap + Ctool + Ccons + Cpower +Cop + Cmaint

(4.1)

where Cmat, Ccap, Ctool, Ccons , Cpower, Cop and Cmaint are respectively the material, capital equipment,
tooling, consumables, power, operating and maintenance costs (for the coating deposition process
in the present case).
The coating material cost, Cmat, is obtained by multiplying the weight of the coating with
the unit-weight cost of the coating material and dividing the result by the powder-coating process
deposition efficiency. The unit-weight material cost is determined using the so-called “tieredvolume pricing model”, i.e. it is based on total planned production volume for the PMH
component.
The capital cost, Ccap, is assessed using the so-called “straight-line depreciation”
method. Within this method, the value of the capital equipment is assumed to depreciate linearly
with time between its initial-purchase price and the “salvage” value. The Ccap is then computed
by dividing the difference between the capital equipment initial-purchase price and its salvage
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value by the expected life time of the equipment (in years) and by the number of parts coated per
year.
Tooling manufacturing cost, Ctool, includes the cost of fixtures used to hold the part
during pretreatment and coating. Since tooling is not perceived as a major cost component, is
reusable and is not expected to be significantly different for the powder-coating alternative
processes analyzed, Ctool was not assessed.
The cost of consumables, Ccons, includes the cost of material such as grinding/polishing
medium, detergents, degreasers, fuel, oxidizing and carrier gases, etc., simple procedures were
used to assess Ccons. For example, in the case of consumed gases, the Ccons, is obtained by
multiplying the gas mass-flow rate with a typical cycle time and the gas cost per unit mass.
The (electric) power cost, Cpower, is taken to include five main components (where
applicable): (a) spray-gun power consumption cost; (b) gas-compressor power cost; (c) part pretreatment and/or post-treatment heating cost; (d) gas heater power cost; and (e) powder-delivery
system energy cost.
The operating cost, Cop, is assessed by multiplying a fixed labor rate with the total
coating-deposition cycle time and an (indirect/overhead-cost) burden factor.
The maintenance cost, Cmain, was decomposed into the following two components: (a) the
cost of labor and parts to service the equipment and (b) cost of downtime associated with lost
production, idle employees, etc.
The results of the powder-coating cost analysis (per part coated) are presented in Table 45. The data used during the calculation of the results presented in Table 4-5 were obtained by
consulting at least three equipment manufactures and/or service providers per each powdercoating process considered. The input received was averaged and the average values were used in
the cost analysis. Some of the key input data used are listed in Table 4-6. It should be also noted
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that a number of assumptions/simplifications were used in the cost analysis and the most
important ones among these can be summarized as:
1. The part displayed in Figure 4-1(b) was used as a prototypical BIW load-bearing
component, so the area (ca. 1370 cm2) to be coated was assessed for this part;
2. An average coating thickness of 0.5 mm was assumed and the volume of coating material
used was assessed as the product of the coating area and coating thickness divided by the coatingefficiency factor;
3. 400,000 parts are assumed to be coated per year over a period of eight years (typical
production-life of a vehicle model);
4. The capital equipment needed is dedicated for coating the part at hand;
5. Comparable worker skills (and thus comparable labor cost) are required for each of the
coating-process alternatives; and
6. Comparable metal-stamping surface pre-treatment requirements are entailed by each of
the powder spraying process.
To assess the robustness of the overall cost-analysis results (last row, Table 4-5), the input
data were perturbed within reasonable limits and the cost analysis repeated. This procedure
changed the numbers in the last row of Table 4-5, but not the ranking of the competing powder
coating processes.
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Table 4-5: Cost Analysis for the Alternative Powder Coating Processes
Powder Coating Process
Cost Component
($)

1

2

3

4

Cold-gas
Spray

Flame
Spray

HVOF
Spray

Plasma-arc
Spray

Cmat
Material
Cost

0.3365

0.3883

0.3365

0.3883

Ccap
Capital
Cost

0.0356

0.0148

0.0238

0.0445

Ccon
Consumable
Cost

0.2138

0.1438

1.027

0.0476

Cpower
Power
Cost

0.0107

0.0296

0.0170

0.0391

Cop
Operational Cost

0.2524

1.1649

0.5048

0.7766

TOTAL
COST

0.8490±0.1274

1.7415±0.2612

1.9068±0.2860

1.2961±0.1944
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Table 4-6: Parameters Used in the Construction of Table 5.
Powder Coating Process
Parameter (Units)

1.
Coating Efficiency
(N/A)
2.
Deposition Rate
(kg/h)
3.
Capital Cost
($)
4.
Salvage Value
($)
5.
Carrier-gas
Pressure
(MPa)
6.
Gun Wattage
(kW)
7.
Powder-feeder
Wattage
(kW)
8.
Carrier-gas,
Oxygen, Fuel Flow
Rates
(cm3/s)

1
Cold-gas
Spray

2
Flame
Spray

3
HVOF
Spray

4
Plasma-arc
Spray

0.6-0.9

0.6-0.7

0.7-0.8

0.6-0.7

20

5

10

7.5

1,20,000

50,000

80,000

1,50,000

6,000

2,500

4,000

7,500

3

0.5

1

0.5-2

-

20-40

20-40

40-80

0.6-0.7

0.2

0.5

0.2

Carrier-gas
(Nitrogen)
10,000-15,000

Oxygen
700-800
Fuel (Acetylene)
210-220

Oxygen
10,000-20,000
Fuel (Acetylene)
2,000-4,000

Carrier-gas
(Argon)
300-400

4.6. Computational Analysis of the Cold-gas Dynamic-spray Process
As discussed previously, no public-domain data can be found for the cold-spray
fabrication of nylon coatings. Nylon is of interest in the case of the overlay fabrication since: (a)
it can withstand a typical 190°C/30min E-coat curing heat-treatment applied to the BIW in the
paint shop and (b) since the injection-molded rib-like structure is likely to be made of the glass
fiber-reinforced nylon, nylon overlay will guarantee good overlay/rib-structure adhesion strength.
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To overcome the lack of data pertaining to cold-gas dynamic-spraying of nylon, a
computational analysis of this process carried out in a companion work [4.12]. A brief overview
of the procedure and the results is given in the remainder of this section.
The (transient non-linear dynamics) computational analysis of the nylon-particles/metalsubstrate interactions involves the solution of mass, momentum and energy conservation
equations. The solution is obtained using a second-order accurate explicit control-volume
computational analysis and the commercial code AUTODYN [4.13].
Due to the presence of large elastic strains accompanying thermoplastic coating
formation during particle/substrate interactions, a multi-material Eulerian formulation of the
transient non-linear dynamics problem is selected. Within the Eulerian formulation, a fixed
computational grid is selected to discretize the computational space and the particles and the
substrate materials are allowed to move through the grid and mutually interact. Materials models
available in the AUTODYN material database were used to represent the constituent behavior of
nylon and steel. The material models include three basic components; (a) an equation of state
(defines the density and temperature dependencies of the pressure); (b) a strength model (defines
the deviatoric stress during elastic and elastic/plastic deformation steps); and (c) a failure model
(defines the evolution of stress within material elements undergoing micro-structural
damage/failure). Nylon is represented using a polynomial equation of state, a three-parameter
visco-elastic strength model and a minimum (negative) hydrostatic pressure failure model. The
material model for steel includes a linear equation of state, a Johnson-Cook strength model and a
Johnson-Cook failure model.
The steel substrate is initially assigned roughness characteristics consistent with those
observed in zinc-galvanized mild formable steel. The diameter of spherical nylon particles was
selected from a narrow normal distribution with mean value of 10µm. All the particles were
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assigned the same initial velocities and their altitude with respect to the substrate top surface was
assigned using a stochastic procedure.
An example of the initial configuration of the computational domain is displayed in
Figure 4-6(a). The evolution of the materials in the particles and the substrate with time is
displayed in Figures 4-6(b)-(d). The formation of the nylon coating is evident. Close examination
of the particles/substrate interfaces reveal that the deposited thermoplastics forms a full conformal
coating with the substrate. This finding suggests that nylon can be cold-gas dynamic-sprayed in
such a way that good mechanical interlocking between the depositing material and the substrate
may be achieved to ensure the necessary level of polymers-to-metal adhesion strength. The
surface roughness evident in Figure 4-6(d) typically becomes quite small at longer simulation
times.
It should be noted that the results of the computational analysis (like the ones displayed
in Figures 4-6(a)-(d)) are greatly affected by the particle velocity, temperature and average size. If
these are not properly selected, the depositing particles, following an impact with the substrate,
either bounce back, incompletely coat the substrate, or break-up into several fragments and get
scattered around. Neither of these scenarios is desirable from the standpoint of attaining a good
polymer-to-metal adhesion resistance [4.12].
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Nylon Powder Particles

(a)

(b)

Metal Substrate

(c)

(d)

Figure 4-6: Temporal Evolution of the Coating and Substrate Materials During Cold-gas Dynamicspray: (a) 0ms; (b) 0.1ms; (c) 0.2ms; and (d) 0.3ms
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4.7. Summary and Conclusions
Based on the results obtained in the present work, the following main summary remarks
and conclusions can be drawn:
1. A comprehensive review is provided of the public-domain literature dealing with
various powder-coating processes suitable for the fabrication of an overlay within a U-shape BIW
metal-stamping structural component which will be subsequently hybridized using the polymerto-metal direct-adhesion injection-molding process.
2. After the product (overlay coating) requirements and the capabilities/attributes of the
various processes were identified, a set of engineering-design tools (e.g. the quality functional
deployment, decision matrix, etc.) were used to identify the screen-out non-suitable processes and
to rank the remaining ones;
3. A detailed cost analysis is carried out while assessing the criteria used for ranking the
candidate powder-coating processes.
4. Cold-gas dynamic-spray process was identified as a prime candidate for the BIW
structural-component hybridization application at hand.
5. While no public domain data exist regarding the ability of the cold-gas dynamic-spray
process to deposit nylon a transient non-linear computational analysis carried out in a companion
work suggested that such a process is feasible.
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CHAPTER 5
SUITABILITY ANALYSIS OF A POLYMER METAL HYBRID TECHNOLOGY BASED ON
HIGH-STRENGTH STEELS AND DIRECT POLYMER-TO-METAL ADHESION FOR USE
IN LOAD-BEARING AUTOMOTIVE BODY-IN-WHITE APPLICATIONS
5.1. Abstract
A comprehensive set of computational engineering analyses is carried out in order to
assess the suitability of a “direct adhesion” polymer metal hybrid (PMH) technology for use in
load-bearing automotive body-in-white (BIW) components. Within the direct adhesion PMH
technology, load transfer between stamped sheet-metal and injection-molded rib-like plastic
subcomponents is accomplished through a variety of nanometer-to-micron scale chemical and
mechanical phenomena which enable direct adhesion between the two materials. The resultant
adhesion strength in a 5-10MPa range has been assessed. In the present work it has been
investigated if such level of adhesion strength is sufficient to restore the component’s stiffness in
the cases when stiffness has been compromised by substituting a twin-shell large-thickness
drawing-quality-steel design of a prototypical BIW component with a single-shell lowerthickness high-strength-steel and polymer-hybridized design of the same component. The results
obtained suggest that meeting the bending stiffness requirements is the most challenging task and
if such requirements do not control the overall component design, weight savings in a 4.5-7.0%
range can be obtained.
5.2. Introduction
Traditionally, metals and plastics are fierce competitors in many automotive engineering
applications. This paradigm is gradually being abolished as the polymer-metal-hybrid (PMH)
technologies, developed over the last decade, are finding ways to take full advantage of the two
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classes of materials by combining them into a singular component/sub-assembly. By employing
one of the several patented PMH technologies, the automotive original equipment manufacturers
(OEMs) have succeeded in engaging flexible assembly strategies, decreasing capital expenditures
and reducing labor required for vehicle manufacture.
The basic concept utilized in all PMH technologies is illustrated in Figures 5-1(a)-(b). An
open-channel thin-wall sheet-metal component can readily buckle under compressive load, Figure
5-1(a). With very little lateral support, provided by a thin-wall rib-like injection-molded plastic
subcomponent, the buckling resistance (and the stiffness) of the component can be greatly
increased (while the accompanied weight increase is relatively small).

(a)

(b)

Plastic
Ribbing

Buckling

Figure 5-1: The Basic Concept Utilized in the Polymer Metal Hybrid (PMH) Technologies. Buckling
in an Open-channel All-metal Component in (a) Has Been Prevented by a Rib-like Plastic
Substructure in (b) Which Provides the Needed Lateral Support
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Three main PMH technologies are currently being used by the automotive OEMs and
their tier 1 and tier 2 suppliers: (a) Injection over-molding technologies; (b) Metal over-molding
technologies combined with secondary joining operations; and (c) Adhesively-bonded PMH
technologies. Only a brief description of these technologies will be given in the present chapter
since they were reviewed in great details in our recent work [5.1].
Within the injection over-molding technologies [5.2], a metal-stamping profile is placed
in an injection mold and polymer (typically glass fiber reinforced nylon) is injected around the
profile. The plastic wraps around the edges of the sheet metal and/or through carefully designed
flared holes or buttons. There are no secondary operations required and the drawing oils/greases
do not need to be removed from the metal stamping.
Within the metal over-molding technologies [5.3], a steel stamping is placed in an
injection mold in order to coat its underside with a thin layer of reinforced nylon. In a secondary
operation, the polymer-coated surface of the metal insert is ultrasonically welded to an injection
molded nylon subcomponent. In this process, a closed-section structure with continuous bond
lines is produced which offers a high load-bearing capability. The hollow core of the part permits
functional integration like cable housings and air or water channels.
Within the adhesively-bonded technologies [5.4]., glass-fiber reinforced poly-propylene
is typically joined to a metal stamping using an adhesive which does not require pre-treating of
the low surface-energy poly-propylene and can be applied by high-speed robots. Adhesive
bonding creates continuous bond lines, minimizes stress concentrations and acts as a buffer which
absorbs contact stresses between the metal and polymer subcomponents. Adhesively-bonded
PMHs also enable the creation of closed-section structures which offer high load-bearing
capabilities and the possibility for enhanced functionality of hybrid parts (e.g. direct mounting of
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air bags in instrument-panel beams or incorporation of air or water circulation inside door
modules)
Among the many technical and economic benefits offered by the PMH technologies, the
following appear to be the most important:
(a) Reduction of the number of components;
(b) Production of the integrated components ready to assemble;
(c) Weight reduction compared to the traditional all-metal solutions;
(d) Additional design and styling freedom;
(e) Production of in-mold features like brackets, bosses and attachment points;
(f) Safety improvement due to lowered center of gravity of the vehicle;
(g) Often a several-fold increase in the bending strength of stamped metal sections which
is attributed to the ability of plastics-subcomponent to assist the metal stamping to maintain its
cross-section properties throughout the loading cycle and to delay the onset of failure due to
localized buckling; and
(h) Improved damping in the acoustic range (relative to their all-steel counterparts, often
as high as four times lower initial decibel reading measured in a simple hammer-strike test)
A comprehensive review of the PMH-technologies used in the automotive applications,
carried out as part of the present work, revealed that these technologies were mainly used in nonstructural (bolt-on) BIW components. In the cases of structural (load-bearing) automotive BIW
applications, the PMH components in question (e.g. rear cross-roof beam, instrument-panel
support beam, etc.) were not the main load-bearing components but rather the ones providing
lateral support for the main load-bearing components. Weight reductions in these PMH
components were attained by removing one of the sheet-metal stamped shells from the original
all-metal twin-shell design of the component. Subsequently, the remaining sheet-metal stamped
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shell was hybridized with a plastic ribbing substructure to recover component’s stiffness and the
buckling resistance lost during the removal of the other sheet-metal shell. In these PMH
technologies, the sheet-steel grades used were not changed, i.e. formable steel grades with at least
15-20% ductility were used. Consequently, hybridization of the (originally all-metal) components
did not entail consideration of manufacturability of the (remaining single-shell) metal
subcomponent.
In more recent efforts, the automotive PMH technologies have begun to rely more on the
use of high-strength and, thus, low-ductility steels for metal subcomponents. The essential
philosophy behind this approach is displayed schematically in Figures 5-2(a)-(c). Figure 5-2(a)
shows that, as steel grades with higher strengths are introduced, the sheet-metal thickness (and
thus the subcomponent weight) can be reduced. Meanwhile subcomponent-strength requirements
continue to be met, Figure 5-2(b). However, since the Young’s and shear moduli of various steel
grades differ by no more than a percent (material stiffness is a micro-structure insensitive
property), the stiffness of the component, as well as its buckling resistances, continue to decrease
as the sheet-steel thickness is reduced, Figure 5-2(c).
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(a)

100

(b)
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Stiffness Requirements
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0

(c)
Steel Yield Strength

Plastic-rib Thickness

Employment of Steels with Higher Strength
Employment of Plastic Ribbing Structure with Thicker Walls
Figure 5-2: Concept Analysis for the Direct-adhesion PMH Technology Based on the Use of Highstrength Steels. Please See Text for Details
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In addition, as higher-strength steel grades are introduced, the metal subcomponent
manufacturability by stamping becomes questionable. A maximum steel strength is ultimately
reached past which the subcomponent can not be stamped out without intervening measures (e.g.
the introduction of additional stages in the component’s stamping process chain, the use of heated
blanks, etc.) which are generally quite costly. If steel grades with yield strengths lower than the
aforementioned upper bound are used, then a sheet-metal subcomponent can be produced using
the standard stamping process and the subcomponent will be lighter and will meet the strength
requirements. To attain the fulfillment of stiffness and buckling-resistance requirements, the
metal subcomponent should be subsequently hybridized using an injection-molded plastic rib-like
substructure. As discussed earlier some of the PMH technologies (e.g. injection overmolding and
metal-overmolding based on the use of heat-staking) require fabrication of a number of holes
(few millimeter in diameter) in the metal subcomponent to enable polymer-to-metal mechanical
interlocking. In the case of high-formability steels, this normally does not present any serious
challenges and holes can be punched in the stamped-out metal subcomponent. The situation is
drastically different in the case of high-strength steel stampings. These steels possess relatively
low ductility even in their as-received conditions and, after the component is stamped out, one
can not expect that a significant ductility level remains in the metal subcomponent. Hole
punching may present a problem and be accompanied by cracking of the stamped part and/or
punch deformation/cracking. It is hence, unrealistic, under normal circumstances, to contemplate
the use of the PMH technologies which entail holes in the metal-stamping for polymer-to-metal
mechanical interlocking. Clearly, the adhesively-bonded PMH technology can be used in these
applications. However, the low surface energy adhesives which must be used to adhesively bond
thermoplastic and metal are quite expensive and their ability to withstand a typical (30min/190oC)
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E-coat curing treatment in the paint-shop is not yet well established. Likewise, long-term
durability of the adhesively-bonded joints has not been fully established.
Among the newest efforts aimed at overcoming the aforementioned limitations of the
standard PMH technologies is the so-called “direct-adhesion” PMH technology [5.1,5.5-5.9] in
which various nanometer- and micron-scale chemical and mechanical phenomena are utilized to
obtain direct bonding between the injection-molded plastics and the stamped metal
subcomponents. The following potential main advantages offered by this technology have been
identified in our prior work [5.1]:
(a) Polymer-to-metal adhesion strengths (20-30MPa) comparable with those obtained in
the case of thermo-setting adhesives are feasible but only at a small fraction of the manufacturing
cycle time;
(b) The shorter cycle time and the lack of use of an adhesive allow for more economical
PMH-component production;
(c) Unlike the adhesive-bonding technology, joining is not limited to simple and noninterfering contact surfaces;
(d) Reduced possibility for entrapping air in undercuts of a complex surface;
(e) No holes for the formation of interlocking rivets are required and, hence, structural
integrity of the part is not compromised; and
(f) Overall reduction in the constraints placed upon the design complexity of the PMH
component
As implied by its name, the direct-adhesion PMH technology relies (at least partly) on
polymer-to-metal adhesion to attain the required level of mechanical connectivity between the
two materials. In our previous work [5.5] various possible polymer-to-metal adhesion
mechanisms (such as micro-scale mechanical interlocking, metal-substrate priming, chemical
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modifications of the plastics, etc.) were reviewed with respect to suitability and potential for use
in the direct-adhesion PMH technology. In the present chapter, a comprehensive set of the
computational analyses is carried out in order to assess feasibility of the direct-adhesion PMH
technology with respect to meeting the strength, stiffness, durability and manufacturability
requirements for a typical load-bearing BIW component as well as the requirements concerning
compatibility with the BIW manufacturing process chain.
The organization of the chapter is as follows: The selection of a prototypical PMH
component to be analyzed and its geometrical model are presented in Section 5.3.1.
Determination of the functional requirements for the selected PMH component is carried out in
Section 5.3.2. Details concerning the replacement of the all-metal design of the component in
question and its PMH rendition are discussed in Section 5.3.3. Manufacturability of the highstrength steel sheet-metal subcomponent is investigated in Section 5.3.4. Hybridization of the
component using a rib-like plastic substructure and manufacturability of the component in its
PMH rendition by injection molding are discussed in Section 5.3.5. The results obtained in the
present work are presented and discussed in Section 5.4. The key conclusions resulted from the
present work are summarized in Section 5.5.
5.3. Computational Procedures
5.3.1. Geometrical Model for a Prototypical PMH Load-bearing BIW Component
Suitability of the direct-adhesion PMH technology for use in load-bearing automotive
BIW components is investigated in the present work by carrying out a set of computational
analyses. A prototypical load-bearing BIW component, the rear cross-roof beam, Figures 5-3(a)(b), is used in all the analyses. In its original all-metal rendition, Figure 5-3(a), the rear cross-roof
beam consists of two metal stampings spot welded to each other along the flanges to form a
close-box beam-like component. The ends of the rear cross-roof beam are spot welded to a pair of
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brackets and attached to the C-pillars. In addition to providing a load-path between and a lateral
support for the C-pillars, the rear cross-roof beam provides support for the roof panel and the rear
window. In its PMH rendition, the rear cross-roof beam contains only the lower steel stamping
and its interior is hybridized with injection-molded plastic ribbing substructure, Figure 5-3(b).

(a)
Upper Shell
Lower Shell

Side
Brackets

(b)

Plastic Ribbing
Structure

Figure 5-3: A Rear Cross-roof Beam with the Adjoining Side Brackets Analyzed in the Present
Work: (a) the All-metal Design; and (b) the PMH Rendition

138

5.3.2. Determination of the Functional Requirements
The starting assumption in the present work is that the rear cross-roof beam in its original allmetal design is made of 0.6mm thick Cold Rolled Drawing Quality (CRDQ) formable steel with a
nominal yield-strength of ca. 186MPa and that it satisfies all the strength, stiffness, durability and
manufacturability requirements. Since the quantitative measures of these requirements were not
available at the beginning of the present work, they were determined computationally. A set of
structural-mechanics finite-element analyses is carried out and the results used to define the
functional requirements for the direct-adhesion PMH-rendition of the rear cross-roof beam
component. Specific computational analyses carried out in the present work included:
(a) Quasi-static bending, torsion and compression analyses to assess the component’s
stiffness and, possibly, its buckling resistance;
(b) Dynamic impact analyses to assess the components ability to absorb energy (referred as
the component’s dynamic strength); and
(c) Single-step stamping manufacturing process analyses to confirm manufacturability of the
original formable-steel metal subcomponent and examine manufacturability of its high-strength
steel rendition.
In all the finite element analyses carried out in the present work, the following coordinate
system was used: (a) the positive x-direction goes from the rear to the front of the vehicle, (b) the
positive y-direction goes from the passenger (right-hand) side to the driver (left-hand) side, and
(c) the positive z-direction is oriented upward.
5.3.3. Twin-shell to Single-shell Transition
As a first step toward the hybridization of the rear cross-roof beam, the upper shell is
removed and the sheet-metal thickness is increased until the original dynamic strength (i.e. the
energy absorption capability) of the component is restored. Since the steel grade used at this point
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is identical to the one used in the original twin-shell design and since the close-box shell is, in
general, structurally more efficient than an open-box shell, the twin-shell to single-shell redesign
of the rear cross-roof beam, with the attainment of the component strength, is typically
accompanied by a weight increase. Furthermore, due to the larger sheet-metal thickness in the
case of single-shell design, the component manufacturability by stamping needs also to be
reconfirmed. Details pertaining to the stamping-process manufacturability analyses carried out in
the present work can be found in Section 5.3.4. As far as the restoration of the dynamic strength
in the single-shell all-metal rendition of the rear cross-roof beam is concerned, it was found to
take place when the sheet-metal thickness was increased to at least 1.5mm (the initial sheet metal
thickness in twin-metal shells was 0.6mm).
Next, a set of dynamic impact analyses is carried out using the single-shell design but
with steel grades with progressively higher yield-strength levels. For each steel grade, this sheetmetal thickness is lowered until the component strength requirements are exactly met. At this
point, manufacturability of the component by stamping is examined. If the component is found to
be manufacturable, the procedure is repeated until a further increase in the steel-grade strength
would result in a component which can not be made by a single-stage stamping process without
possibility for blank wrinkling and/or cracking/splitting. At this point, the last steel grade used is
accepted as the final material choice and the steel strength (as well as the other mechanical
properties) not varied in the remainder of the work.
5.3.4. Stamping-process Manufacturability Analysis
Suitability Manufacturability of the lower shell by a single-step stamping process has
been investigated using Altair Engineering’s HyperForm software, 1 Step module [5.13], a finiteelement based sheet-metal forming simulation program. For the given shape of the metal
stamping and its thickness and for the given set of mechanical properties of the steel used,
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HyperForm provides several forming-feasibility criteria to assess critical areas with potentials for
formation of wrinkles and splits, or localized thinning. In addition, HyperForm enables an
accurate prediction of the original blank shape (important for improved material utilization) and
provides fast assessment of various forming scenarios.
Within the 1Step HyperForm program used in the present work, one of the so-called
“Inverse One-Step" methods is implemented. In an inverse one-step method, the finished part
shape is the only geometry input. Further inputs pertain to the specification of material properties,
friction coefficient, and external boundary conditions. Inverse one-step methods are therefore
very useful for use in the early (product design and design for manufacturability) feasibility
analyses. In these types of analyses, very little may be known about the intended tooling process
or tooling information may not even be available. Thus, the inverse one-step geometry-only
analyses render predictions regarding potential blank thinning, wrinkling and/or splitting based
solely on the final shape of the stamped component. In other words, the effect of tool timing
during the stamping process is not taken into consideration.
The basic procedure carried out in an inverse one-step analysis is as follows: (a) The final
shape of the stamped part is input into the program along with material properties, friction
coefficient, binder surfaces and the binder pressure; (b) That finished shape is then flattened to
obtain the original blank shape. As the final part is being flattened, its mesh will be stretched
and/or compressed; and (c) The computed mesh distortions are then inverted (i.e. it is assumed
that as the initial blank is being stamped into the final part, it will undergo the strains which are
inverses of the strains calculated during the final-part flattening process. Clearly, the procedure
described is overly simplified and does not fully account for the role of tooling. Nevertheless, the
inverse one-step method was used in the present work since the tooling information was not
available.
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Within the HyperForm, the average flow strength of steel, (defined as a true-stress rather
than an engineering-stress quantity) is defined by the following power-law relation:

σ = K (ε 0 + ε )n

(5.1)
1

n
σ
where K is a strength coefficient, ε 0 a pre-strain coefficient defined as: ε 0 =  y  , σ y the
 K
initial yield strength, ε an equivalent plastic strain (defined as a true-strain not as an engineeringstrain quantity) and n strain hardening exponent. The strength coefficient is normally defined as:

( n )where, σ

n
K = σ UTS e

n

UTS

is the ultimate tensile strength (defined as an engineering-stress

quantity) and e = 2.718 
Another important property of sheet-steel is the thinning resistance, typically referred to
as the R value. The R value is a simple measure of the deep-drawability of a given sheet metal
and typically has different values in in-plane directions with an angle of 0o, ±45o, and 90o with
respect to the rolling direction. The R value is defined as a ratio of the true lateral strain and the
true through-the-thickness strain obtained in a sheet-metal tensile test. Based on the average R
value one can construct a Formability limit diagram (FLD) which graphically identifies the major
strain (the maximum tensile strain)/ the minor strain (the other in-plane strain) deformation states,
which can potentially lead to the formation of wrinkles and splits. A schematic of the FLD
diagram is depicted in Figure 5-4.
The right-hand side of the FLD in which both the major and minor strains are positive
(tension) corresponds to the deformation states found in bi-axially stretched areas of a blank.
Conversely, the left-hand side of the plot where the minor strain is negative (compression)
corresponds to the deformation states typically found in deep-drawn sections of a blank. Several
curves are identified in Figure 5-4. The top-most curve labeled “FLC” (stands for the Formability
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Limit Curve) separates a “safe” region (below the curve) from a “non-safe” region (the region
above the curve in which splits in sheet-metal blanks are likely to occur). On the right-hand side
of the FLD diagram, a “+45o Stretch” line is also drawn and correspond to the balanced biaxial
stretching condition under which the major and the minor strain are numerically equal. Clearly,
no deformation states below this line are allowed since such deformation states will make the
minor strain larger than the major strain. On the left hand side of the FLD plot, there is a
“Tension” line which defines the major vs. minor strain relation obtained in a simple tensile test.
The “-45o Draw” line corresponds to the case when the major strain and the minor strain are of
equal magnitude (i.e. when the through-the-thickness strain is zero). Lastly there is a
“Compression” line which defines the major-strain vs. minor-strain relation under an in-plane
compression test. The critical areas on the deep-drawing side of the FLD are above the FLC line
(implies splitting) and below the -450–Draw line (implies potential wrinkling). The areas just
below the -450–Draw line have lower tendency for wrinkling formation than the areas under the
Compression line. Operationally, to minimize the tendency for splits formation, the FLC line is
lowered by several percents along the major-strain axis and the resulting line referred to as the
“Marginal FLC” line.
For different steel grades considered in the present work, the FLD has been constructed
using the following procedure. The +45o-Stretch,-45o-Draw, Tension and Compression lines are
readily determined from the knowledge of the average R value, To construct the FLC (and, thus,
the marginal FLC) lines additional information is required before they can be constructed. In the
present work, the Keeler model [5.10] was used to assess the “plane-strain” FLC point (i.e. the
major-strain value corresponding to the zero minor-strain value at the FLC curve). The Keeler
model defines this level of the major strain in percents as:
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FLDO =

n
[23.3 + 14.1t ]
0.21

(5.2)

where t is the steel-sheet thickness in mm. The remainder of the FLD is obtained by employing
the computational procedure proposed by Pepelnjak and Kuzman [5.11] which relies on
numerical simulations of the Marciniak testing procedure using ABAQUS/Standard finite
element program. A detailed account of this procedure will be presented in a future
communication. Curve fitting of the computational results revealed that they can be represented
quite well using the following functions for the left-hand and the right-hand sides of the FLD
diagrams, respectively:
left
emajor
= ln(1 + FLD0 ) − emin or

(5.3)

and
right
emajor
= ln(1 + FLD0 ) + 0.18(1 − e −5.838( e

emin or −1

)

)
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(5.4)
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Figure 5-4: A Schematic of the Formability Limit Diagram (FLD)

5.3.5. Hybridization of Single-shell Component
The next step in a series of computational analyses is to introduce an injection-molded
ribbing substructure into the single-shell component interior and to increase the rib-wall thickness
until stiffness requirements for the component are met. In our previous work [5.6], a
comprehensive design concept-level (topology) and detailed-level (size and shape) optimization
analyses were used to identify the optimal design for the injection-molded plastic substructure.
Consequently, the optimal design of this substructure obtained in Ref. [5.6] is adopted in the
present work and, in order to attain the needed level of stiffness and buckling resistance, only the
thickness of each rib is increased using a constant scaling factor.
It should be also noted that, as discussed in our previous work [5.7], to attain the required
level of polymer-to-metal adhesion strength, the interior of the single-shell component should be
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cold-gas sprayed (prior to injection molding) with 0.2-0.3mm-thick layer of the same material as
the one used for the injection molded substructure. This approach ensures: (a) that drawing
compound/oil residues are removed from the metal surface: (b) that the sprayed material forms an
overcoat which is fully conformed with the substrate (critical for the attainment of good
mechanical interlocking between the sprayed plastic and the metal); and (c) provides an ideal
substrate for adhesion of the injection-molded rib-like substructure.
In all quasi-static calculations of the bending, torsion and compression response of the
rear cross-roof beam in its PMH rendition, a constant (conservative) value of the polymer-tometal adhesion strength between the sprayed overcoat and the metal substrate (σadh=5MPa) is
used since such level of adhesion is attainable through direct-adhesion effects [1]. Furthermore,
perfect bonding is assumed between the overcoat and the injection-molded plastic substructure.
As it was done in our previous work [5.1,5.5-5.9], the plastic substructure is assumed to
be made of Durethan BKV 130 H2.0 (a 30wt.% glass-fiber filled Nylon 6, elastomer modified
with enhanced heat-age resistance). The following rheological and thermal properties of Durethan
BKV 130 H2.0 were used in the injection molding mold-filling, material-packing and part
cooling analysis (discussed in next section): the viscosity is shear-rate and temperature dependent
and was defined using the cross-WLF model as presented in our previous work [5.1], specific
heat, Cp= 1909J/kg.K, thermal conductivity, k=0.14W/m.K, glass transition temperature,
Ttrans=479.0K. In addition, the following thermo-mechanical properties were used for the in-mold
stress-development, post-ejection shrinkage/warping and quasi-static and dynamic structural
analyses of the PMH rendition of the rear cross-roof beam: Young’s modulus, E=7GPa, Poisson’s
ratio, ν=0.4, yield strength, σy=150MPa, linear strain-hardening tangent modulus, h=100MPa,
linear thermal expansion coefficient, α=4.10-5.
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It should be noted, however, that the thermo-mechanical properties for Durethan BKV
130 H2.0 given above pertain to the properties of this material in its as-received (isotropic)
condition. The actual properties used in the in-mold stress-development, post-ejection
shrinkage/warping and quasi-static and dynamic structural analyses were both anisotropic and
non-uniform throughout the part and were obtained by combining the mold-filling results
pertaining to the local orientation of the glass-fibers with a rule-of-mixture computational scheme
for determination of the effective (two-phase) material properties [5.1]. That is, interactions
between the melt flow and the glass-fiber reinforcements generally lead to the alignment of the
fibers with the local flow direction, and, in turn, cause the fiber-reinforced injection-molded
plastic material to become anisotropic. The information regarding the spatial distribution of the
(anisotropic) material properties resulting from the Moldflow mold-filling /packing calculations
(stored in a .xml type file) is converted using a general mathematical package Matlab [5.15] into a
material-data file. The syntax of the material file was made consistent with the requirements of
ABAQUS/Standard and ABAQUS/Explicit [5.14].
The overcoat-plastics/substrate-metal interfaces have been modeled in the present work
using the “cohesive zone framework” originally proposed by Needleman [5.16]. The cohesive
zone is assumed to have a negligible thickness when compared with other characteristic lengths
of the problem, such as the plastics-wall thickness, the width of metal-stamping grooves, or the
characteristic lengths associated with the stress/strain gradients. The mechanical behavior of the
cohesive zone is characterized by a traction–displacement relation, which is introduced through
the definition of an “interfacial potential”. The perfectly bonded plastic/metal interface is
assumed to be in a stable equilibrium, in which case the potential ψO has a minimum and all
tractions vanish. For any other configuration, the value of the potential is taken to depend only on
the displacements discontinuities (jumps) across the interface. A comprehensive account of the
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constitutive law used to model the overcoat-plastics/substrate-metal adhesion can be found in our
recent work [5.9] and hence will not be considered here any further.
All the quasi-static bending, torsion and compression analysis of the single-shell rear
cross-roof beam in the PMH rendition were carried out using the same procedure as the one
presented in Section 5.3.2 for the twin-shell all metal design of this component.
5.3.6. Manufacturability of the PMH Component by Injection Molding
Finally, manufacturability of the PMH component by a standard insert injection molding
process is investigated. The objective is to ensure that the component is free of flaws (e.g. weld
lines, entrapped air, incompletely-filled sections, excessive in-mold residual stresses which can
cause distortions/warping of the PMH component after ejection from the mold, etc. Such
manufacturability analysis is carried out in the present work using Moldflow Plastic Insight
computer program [5.12]. Since a detailed discussion pertaining to the use of this program was
presented in our recent work [5.1], only a brief overview is given here.
Within Moldflow, mass, momentum and energy conservation equations are solved
numerically to model the processes associated with polymeric-melt mold filling, mold packing,
melt solidification, polymer reinforcing-fiber orientation distribution, in-mold residual stress
development, etc. To carry out the manufacturability analysis, the final design of the PMH
component is directly imported in Moldflow, runner system and gates constructed, a cooling
system provided (if required) and a mold filling/packing analysis carried out. The analysis carried
out in the present work was particularly useful for identification of the minimal manufacturable
rib-wall thickness, the optimal locations of injection points (gates) with respect to minimization
of the effects of unbalanced flow, failure-conducive weld-lines, air traps, etc.
Since perfect adhesion is considered at the plastic-overcoat/injection-molded plastic
interfaces, the in-mold stresses could be calculated using the “Stress” module of Moldflow
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Plastics Insight. While the injection-molded PMH component resides in the mold, it is
constrained and can not distort. However, after ejection, the component can undergo shrinkage
and warping. Due to the presence of adhesion at the overcoat-plastics/substrate-metal interfaces,
shrinkage and warping analyses were carried out using ABAQUS/Standard. In these analyses, the
same finite element mesh is utilized as that used in the filling and packing analyses, except that a
set of interfacial cohesion elements is added to model explicitly the effect of adhesion at the
plastics/metal interfaces. Furthermore, the computed in-mold stresses, as well as temperatures and
element-based through-the-thickness variations in thermo-mechanical properties of the injected
thermoplastic material are exported from Moldflow Plastics Insight to ABAQUS/Standard. The
exported in-mold stresses and temperatures are then used to define the initial conditions in the
PMH component right after its ejection and, in turn, to construct the loading term in the coupled
thermo-mechanical finite element equations. Next, a boundary condition is applied by
constraining all six degrees of freedom for a single node of the metal stamping in order to prevent
the PMH component from undergoing a rigid body motion. Also, free convection boundary
conditions are prescribed on all free surfaces. Furthermore, since the ejected PMH component
spends some amount of time at the temperature at which thermoplastics exhibit viscous behavior,
a linear visco-elastic residual-stress and warping finite element analysis is performed in the
present work.
5.4. Presentation of the Results and Discussion
5.4.1. Geometrical Model for a Prototypical PMH Load-bearing Component
All sheet-metal and injection-molded plastic components analyzed in the present work
are modeled as shell parts with a constant thickness. A typical mesh used in the present work is
displayed in Figure 5-5. Typically, an average element edge-length of ca. 10mm was used. The
upper and the lower metal shells are joined along their flanges using 5-mm diameter spot welds at
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a center to center distance of ~10mm. In the same way, the side brackets are joined to the lower
shell. During the dynamic impact analysis, the roof panel was utilized, Figure 5-5, (in addition to
the components mentioned earlier) and it was also spot welded to both the upper/lower shell and
the side brackets. The spot welds are modeled as Cartesian and Cardan connectors whose
mechanical properties were given in our prior work [5.1].
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Roof Panel

Impactor

Upper Shell
Lower Shell

Side Brackets

Figure 5-5: Typical Finite Element Meshes Used in the Quasi-static and Dynamic-impact Analyses of
the Rear Cross-roof Beam Assembly

Quasi-static (bending, torsion and compression) tests were conducted by first defining
two coupling surfaces (one at each end bracket). Loading is then applied by defining the
displacement-based boundary conditions to the reference nodes of these coupling surfaces.
Contact interactions between the adjacent components are modeled using a hard-contact
algorithm (i.e. direct contact of the surfaces is required for the contact pressure to develop) with a
friction coefficient of 0.15. The stiffness and the corresponding buckling resistance of the rear
cross-roof beam with respect to a given mode (bending, torsion, compression) of loading is
obtained by monitoring the relations between the reaction force/reaction-moment and the
corresponding displacement/ rotation at one of the coupling-surface reference nodes. All quasistatic calculations were carried out using ABAQUS/Standard; a finite-element general purpose
computer program [5.14]
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Dynamic impact analyses were carried out using ABAQUS/Explicit finite-element
computer program [5.14]. In a typical dynamic impact analysis, a 500kg square-shaped plate is
propelled at a 40 km/h initial speed in the negative vertical direction towards the roof-panel
covered rear cross-roof beam. The edges of the side brackets, and the outer edges of the roof
panel (other than the one which were spot welded to the upper/lower metal shell) are kept fixed.
The dynamic strength of the rear cross-roof beam is quantified by the maximum downward
intrusion of the plate. Contact interactions between the plate and roof panel as well as between
the other components are modeled using the same hard-contact algorithm described above. To
prevent hour-glassing of the reduced-integration shell elements, a default value of the hourglass
stiffness was used.
5.4.2. Determination of the Functional Requirements
Typical quasi-static computational results pertaining to the functional-requirements
determination for the original twin-shell all-metal rear cross-roof beam are displayed in Figures
5-6-5-8 for the bending, torsion and compression load cases, respectively. In Figures 5-6-5-8, part
(a) shows the deformed configuration while part (b) displays the corresponding mechanicalresponse curve. In Figures 5-6(b), 5-7(b) and 5-8(b), the initial slope of the mechanical-response
curves is used to quantify the component’s stiffness, while the maximum value of the reactionforce/reaction-moment is used as a measure of the component’s buckling resistance (both with
respect to the given mode of loading).
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Figure 5-6: Typical Deformed Configuration Obtained in the Quasi-static Bending Analysis; and (b)
the Corresponding Mechanical Response Curve
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Figure 5-7: Typical Deformed Configuration Obtained in the Quasi-static Torsion Analysis; and (b)
the Corresponding Mechanical Response Curve
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Figure 5-8: Typical Deformed Configuration Obtained in the Quasi-static Compression Analysis;
and (b) the Corresponding Mechanical Response Curve
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Figure 5-9: Typical Deformed Configuration Obtained in the Dynamic-impact Analysis and (b) the
Corresponding Temporal Evolution of the Displacement at One of the Nodes of the Lower Shell
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Typical results obtained using the dynamic-impact analyses are displayed in Figures 59(a)-(b). The deformation of the rear cross-roof assembly resulting from its impact by the 500kg
steel plate propelled at a velocity of 40km/h in the negative vertical direction is displayed in
Figure 5-9(a) while the corresponding temporal evolution of the vertical displacement of a node
(located at the lower shell halfway both in the length and the width directions) is displayed in
Figure 5-9(b). The maximum value of this displacement is used to quantify the dynamic material
strength (i.e. the lower is this displacement, the higher is the component’s dynamic strength).
As discussed earlier, the results presented in Figures 5-6(b), 5-7(b), 5-8(b) and 5-9(b) are
used to define the quasi-static and dynamic structural requirements which must be met by the
PMH rendition of the rear cross-roof beam, at a significantly lower component weight to warrant
the associated increased manufacturing/material cost. It should be also noted that in all the
calculations carried out in this section, it was assumed that the rear cross-roof beam (and the
surrounding components) are made of a Cold Rolled, Drawing Quality (CRDQ) steel with a yield
strength of 186MPa and the ultimate tensile strength of 315MPa.
5.4.3. Twin-shell to Single-shell Conversion and High–strength Steel Introduction
The results of the conversion from the twin-shell design to a single-shell design and of
the substitution of the CRDQ steel with one of the high-strength steel grades for the all-metal
rendition of the rear cross-roof beam are displayed in Figure 5-10. In the plot displayed in Figure
5-10, the initial yield strength of the steel grade used is plotted along the horizontal axis while the
corresponding minimum lower-shell sheet-metal thickness needed to meet the dynamic-strength
requirement of the component is shown along the y-axis. As expected, as the yield strength of the
steel increases, the minimal required lower-shell sheet-metal thickness is reduced. The thickness
decrease is monotonic but not linear (i.e. somewhat larger sheet-metal thickness reductions are
encountered at lower steel yield-strength levels).
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Figure 5-10: Variation of the Minimal Lower-shell Sheet-metal Thickness Needed to Ensure the
Required Level of the Dynamic Strength of the Component as a Function of the Steel-grade Initial
Yield Strength. Nomenclature: CRDQ - Cold Rolled, Drawing Quality; IF - Interstitial Free; HSLA
- High Strength Low Alloy; DP - Dual Phase; TRIP - TRansformation Induced Plasticity; and e.g.
186/315 - Initial Yield Strength/Ultimate Tensile Strength

As indicated in Figure 5-10, a number of high-strength steel grades were investigated in
the present work. A comprehensive summary of the mechanical and sheet-metal properties of
these steel grades is provided in Table 5-1. The data listed in Table 5-1 were collected using
variety of public-domain sources [5.13,5.17,5.18].
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Table 5-1: Mechanical and Sheet-metal Properties of the Steel Grades Used in the Present Work
Steel Grade
Property
CRDQ
186/315

IF
300/420

HSLA
350/450

DP
400/700

TRIP
450/800

DP
500/800

E, Young’s Modulus,
(GPa)

210

210

210

210

210

210

ν, Poisson’s Ratio

0.3

0.3

0.3

0.3

0.3

0.3

R0, 0o Thinning
Resistance

1.6

1.6

1.1

1

0.9

1

R45, 45o Thinning
Resistance

1.6

1.6

1.1

1

0.9

1

R90, 90o Thinning
Resistance

1.6

1.6

1.1

1

0.9

1

n, Strain
Hardening Exponent

0.22

0.2

0.14

0.14

0.24

0.14

σy, Initial Yield
Strength, (MPa)

186.16

300

350

400

450

500

K, Strain Hardening
Parameter, (MPa)

549.03

759

807

1028

1690

1303

σUTS, Tensile
Strength, (MPa)

315.780

420

450

700

800

800

ε0, Pre-strain

0.007

0.028

0.010

0.005

0.014

0.005

CRDQ - Cold Rolled, Drawing Quality;
IF - Interstitial Free;
HSLA - High Strength Low Alloy;
DP - Dual Phase;
TRIP - Transformation Induced Plasticity; and
e.g. 186/315 – initial yield strength/ultimate tensile strength.
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5.4.4. Stamping-process Manufacturability Analysis
As discussed earlier, as steel-grades with higher yield-strength (and thus with lower
ductility and smaller sheet-metal thickness) are used; manufacturability of the lower shell by
stamping may become questionable. In fact, it was found that when the initial yield strength of
the steel is increased above ~500MPa, the lower shell can not be safely stamped without potential
formation of cracks/splits. This finding is displayed in Figures 5-11 and 5-12.
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Figure 5-11: Manufacturability by Stamping of the Lower-shell Made of a 1.5mm-thick CRDQ186/315 Steel Sheet: (a) The Location of Potentially Critical Elements; and (b) the Corresponding
Portion of the Formability Limit Diagram (FLD)
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Figure 5-12: Manufacturability by Stamping of the Lower-shell Made of a 0.7mm-thick DP-500/800
Steel Sheet: (a) The Location of Potentially Critical Elements; and (b) the Corresponding Portion of
the Formability Limit Diagram (FLD)
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In Figure 5-11(a), the elements most likely to cause stamping defects in the case of the
Cold Rolled Drawing Quality (CRDQ) steel with a 186MPa yield strength and a 315MPa ultimate
tensile strength are identified and labeled accordingly. The corresponding FLD and the majorstrain/minor-strain points for these elements are displayed in Figure 5-11(b). It is seen that only
few elements have marginal tendency to wrinkle and no elements have tendency to split. The
situation is quite different in Figures 5-12(a)-(b) which identify the corresponding elements and
their FLD data in the case of Dual Phase (DP) steel with 500MPa yield strength and an 800MPa
ultimate tensile strength. A number of elements are prone to wrinkling and marginal wrinkling
and one of the elements shows the tendency for marginal splitting. Thus, in the case of the latter
steel grade, manufacturability of the defect-free lower shell can not be guaranteed. Based on the
results obtained in this section, the maximum yield strength of the steel used is limited to
~500MPa. Furthermore, based on the results displayed in Figure 5-9, the corresponding minimal
sheet-metal thickness needed to ensure the required dynamic-strength level in the component is
~0.7mm.
5.4.5. Hybridization of Single-shell Component
The next step in the computational procedure used in the present work was to hybridize
the lower shell with a rib-like plastic substructure which is injection molded against the lower
shell and adheres to it via the operation of a number of direct-adhesion phenomena (e.g. micronscale mechanical inter-locking, surface polarization and bonding, etc.). As mentioned earlier
design concept-level (topology) and detail-level (size and shape) optimization of the injectionmolded rib-like plastic substructure was not carried out in the present work. Rather the results of
such analyses carried out in our prior work [5.6] pertaining to the number and the location of the
ribs were used. In addition, the thickness of the ribs is increased in small increments until the
(bending, torsion and compression) stiffness and buckling-resistance requirements are satisfied.
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An example of the results obtained in this section which pertains to the case of the PMH-rendition
of the rear cross-roof beam is displayed in Figure 5-13(a)-(b). A deformed configuration is shown
in Figure 5-13(a) while the corresponding total-bending-force vs. total bending displacement of
the corresponding reference node is depicted in Figure 5-13(b). A comparison of the results
shown in Figure 5-6(b) and 5-13(b) shows that both the bending stiffness (quantified by the slope
of the initial (linear portion) of the force/displacement curve) and the bending buckling-resistance
(defined by the maximum bending force) are at the level or higher than their counterparts in the
twin-shell all-metal rendition of the same component. Unfortunately, the weight of the component
displayed in Figure 5-13(a) is only 2.1% lower than its twin-shell all-metal counterpart. Meeting
the bending (stiffness and buckling-resistance) requirements, as will be discussed in more detail
later, turned out to be the most challenging task. In other words all other quasi-static requirements
could be satisfied at a substantially higher level of weight reduction in the PMH-rendition of the
rear cross-roof beam.
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Figure 5-13: (a) Typical Deformed Configuration Obtained in the Quasi-static Bending Analysis of
the PMH-rendition of the Rear Cross-roof Beam; and (b) the Corresponding Mechanical Response
Curve
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5.4.6. Manufacturability of the PMH Component by Injection Molding
Once the injection-molded plastic substructure is designed, its manufacturability by
injection molding process is investigated. Due to the fact that the height of the ribs is relatively
small, no serious problems were expected to accompany the injection molding process.
Nevertheless, considering the fact that the stiffness of the lower shell was significantly reduced
(due to the reduction in its wall thickness), and since this may lead to potential warping of the
PMH component upon ejection of the mold, a compressive mold-filling, material packing,
cooling, and in-mold stress development analysis was carried out using Mold Flow Plastics
Insight [5.12]. In addition, a post-ejection component shrinkage and warping analysis was carried
out using ABAQUS/Standard.
An example of the results obtained in this portion of the work is displayed in Figure 514(a)-(d). The fill-time contour plot displayed in Figure 5-14(a) reveals that the flow is balanced
(a critical condition for preventing excessive component distortions upon ejection) and that total
fill time is quite short (~2.5-3s).
The orientation of glass fibers used as reinforcements in the polymeric (nylon 6) material
is displayed as a contour plot in Figure 5-14(b). The fiber-orientation plot depicted in Figure 514(b) reveals the probability for the fiber axis to be aligned with the local 1st principal direction
(defined by a line connecting the first and the second node of a finite element at hand). The
orientation distribution of fibers affects the extent of orthogonality of the reinforced-plastic
material (i.e. a random orientation of the fibers gives rise to an isotropic material while perfectly
aligned fibers yield an orthotropic material). As mentioned earlier, the fiber orientation results are
combined with a micro-mechanics based homogenization analysis (implemented in Moldflow), to
determine the local effective mechanical and thermal properties of the two-phase (polymer +

166

glass fibers) material. These properties are exported into ABAQUS /Standard and used to carry
out post-ejection warping analysis of the part.
A contour plot for the magnitude of the first principal (in-mold) stress component is
displayed in Figure 5-14(c). Also displayed in Figure 5-14(c) are the locations of air traps and
weld lines. The number of air traps and weld lines and their locations suggests that these defects
will not seriously jeopardize the structural integrity of the PMH component.
The in-mold stresses and the corresponding temperature distributions are exported to
ABAQUS/Standard and used in a thermo-mechanical analysis of post-ejection warping of the
component. Likewise, the effective spatially-dependent mechanical and thermal properties of the
injection-molded glass-reinforced nylon as determined using Moldflow are exported to
ABAQUS/Standard and used in the same post-ejection warping analysis. An example of the
warping-analysis results obtained is displayed in Figure 5-14(d) where the total nodal
displacements for the entire PMH component are shown. Since the maximum nodal displacement
of the PMH-component nodes is only 0.1678mm, one may conclude that post-ejection warping is
not likely to be a serious problem.
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Figure 5-14: A Injection-molding Process Simulation Results: (a) Fill Time; (b) Fiber Orientation
Tensor; (c) In-mold First Principal Stress; and (d) Post-ejection Total Warping Displacements
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Figure 5-14: Continued…

169

5.4.7. A Brief Discussion
In the previous section, a comprehensive set of computational results pertaining to the
performance and manufacturability of a prototypical PMH load-bearing BIW component was
presented. In this section, a brief discussion of these results will be given. Overall, the results
presented in Sections 5.4.1-5.4.6 are encouraging suggesting that the direct-adhesion PMH
technology combined with the use of high-strength steels has a potential for reducing the
component‘s weight relative to that of the twin-shell all-metal rendition of the same component.
This finding is particularly the case if the bending stiffness of the component in question is not
the main functional constraint for that component. In other words, the results obtained revealed
that the most challenging constraints to be met were the bending stiffness (and bending-induced
local buckling). This point is further iterated in Table 5-2 in which a summary of the predicted
weight savings in the PMH-rendition of the rear cross-roof beam are listed for different cases of
the design-controlling functional requirements. The results displayed in Table 5-2 indicate that, in
the case of a design controlled by the bending-stiffness requirements, only a 2.1% weight saving
is predicted. In sharp contrast, weight savings up to 7% are anticipated in the case of a torsionalstiffness controlled design. While the identification of the main design-controlling functional
requirement typically requires the extension of the structural analysis to the entire vehicle (or at
least to the entire subassembly containing the component in question and to the surrounding
assemblies), the rear cross-roof beam is mainly required to provide lateral support for the Cpillars. Hence, its compression stiffness and compression buckling resistance appear to be the
most likely candidates for the quasi-static structural design-controlling functional requirements. If
this is the case, then the use of the direct-adhesion PMH technology and high-strength steel
grades can yield weight reductions in a range between 4.5 and 4.9%. Such weight reductions are
significant and can justify the associated high cost of the component hybridization.
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Table 5-2: Projected Weight Savings for Different Cases of Design-controlling Functional
Requirements
Potential Design-controlling Functional
Requirements

The Resulting Weight Reduction in
the PMH Component, %

Bending Stiffness

<= 2.1%

Bending Buckling Resistance

<= 2.6%

Torsion Stiffness

<= 6.5%

Torsion Buckling Resistance

<= 7.1%

Compression Stiffness

<= 4.5%

Compression Buckling Resistance

<= 4.9%

Another point worth mentioning is that the simple analyses of the stamping and the
injection-molding processes suggest that (as long as steel grades with a yield-strength level lower
than 500MPa are used and standard injection-molding practices are employed), no serious
manufacturability issues should be encountered.
In our future work, the potential of the direct polymer-to-metal adhesion technology for
use in race-cars and niche-segment automotive components will be investigated. Also the issues
regarding the assembly of the direct-adhesion PMH components into the BIW will be addressed.
Our preliminary analyses established that the PMH components in question, as long as they are
based on steel stampings, will be integrated into the BIW using spot, seam, laser welding or a
combination of these processes. Also, issues related to the end of the life of the vehicle (e.g.
disassembly, recycling, etc.) will be investigated.
As correctly pointed out by one of the reviewers of this manuscript, endurance in long
term durability of the direct-adhesion PMH components must also be addressed in our future
work. It should be pointed out, however, that in our previous work (5.5), a preliminary
investigation of reliability and durability of these components was presented. It was shown that
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these aspects of long-term performance of the direct-adhesion PMH components are mainly
controlled by water/moisture-induced irreversible changes in the injection-molded polymer and at
the polymer/metal interfaces. Such irreversible changes include: a) hydrolysis, b) polymer
oxidation and c) microstructural damage induced by the formation of micro-cavities etc.
The second reviewer of this manuscript suggested that the authors draw out some more
general conclusions regarding the viability of the direct polymer-to-metal adhesion technology in
load-bearing BIW automotive applications. Based on the results obtained from the present work
and the results obtained from the previous studies (5.1,5.5-5.9). It appears that this technology has
a great potential for reducing the weight of the main structural components of the BIW provided
the following key aspects of the technology can be successfully handled: a) a low-cost, robust and
reproducible process can be developed for attaining polymer-to-metal adhesion strengths in a
range between 5 and 10MPa; b) the indicated level of the polymer-to-metal adhesion strength is
not seriously compromised by various mechanical, thermal and chemical agents during
fabrication, pre-treatment and painting of the BIW; and c) mechanical integrity of the
polymer/metal interface is retained after a prolong in-service exposures to varying levels of
moisture, road-salt concentrations and temperature.
5.5. Summary and Conclusions
Based on the results presented in this work the following summary and conclusions can
be drawn:
1. A comprehensive set of quasi-static and dynamic structural mechanics and sheet-metal
forming/ thermoplastic injection-molding process simulation analysis is carried out in order to
assess suitability /feasibility of a direct-adhesion polymer-metal-hybrid technology in which
metal stampings are made of high-strength low-ductility steels and a typical (5MPa) level of
polymer-to-metal adhesion strength is present.
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2. The results suggest that the most challenging requirement presented to the directadhesion PMH technology is the attainment of the component’s bending stiffness. In other words,
if the bending stiffness is to be maintained at the level presented in the original twin-shell allmetal component design, very small (if any) component weight reduction can be attained using
this PMH technology.
3. If bending stiffness is not the main constraint associated with the hybridization of a
load-bearing BIW component, then more significant reductions in the component weight can be
attained using the direct-adhesion PMH technology.

173

5.6. References
5.1

M. Grujicic, V. Sellappan, G. Arakere, N. Seyr and M. Erdmann, "Computational
Feasibility Analysis of Direct-Adhesion Polymer-To-Metal Hybrid Technology for LoadBearing Body-In-White Structural Components," Journal of Materials Processing
Technology, 195, 2008, 282-298.

5.2

O. J. Zoellner and J. A. Evans, “Plastic-Metal Hybrid. A New Development in the Injection
Molding Technology,” ANTEC 2002 Annual Technical Conference, San Francisco, CA,
2002, 1-4.

5.3

Plastic-Metal Hybrid Material,
http://www.hbmedia.net/polymotive/polymotive/2003/01/articles/frontend1.shtml

5.4

D. Recktenwald, “Advanced Adhesives Foster Hybrid Structures,” Machine Design, 77, 21,
November 2005, 124-126.

5.5

M. Grujicic, V. Sellappan, M. A. Omar. N. Seyr and M. Erdmann, “An Overview of the
Polymer-to-Metal Direct-Adhesion Hybrid Technologies for Load-Bearing Automotive
Components,” Materials Processing Technology, 197, 2008, 263-273.

5.6

M. Grujicic, G. Arakere, P. Pisu, B. Ayalew, N. Seyr and M. Erdmann, “Application of
Topology, Size and Shape Optimization Methods in Polymer Metal Hybrid Structural
Lightweight Engineering,” Multidiscipline Modeling in Materials and Structures, accepted
for publication, September 2007.

174

5.7

M. Grujicic, V. Sellappan, L. Mears, X. Xuan, N. Seyr, M. Erdmann and J. Holzleitner,
“Selection of the Spraying Technologies for Over-Coating of Metal-Stampings with
Thermo-Plastics for Use In Direct-Adhesion Polymer Metal Hybrid Load-Bearing
Component,” 198, 2008, 300-312.

5.8

M. Grujicic, B. Pandurangan, W. C. Bell, M. Daqaq, L. Ma, N. Seyr, M. Erdmann and J.
Holzleitner, “A Computational Analysis and Suitability Assessment of Cold-Gas Spraying
of Glass-Fiber Reinforced Poly-Amide 6 for Use in Direct-Adhesion Polymer Metal Hybrid
Automotive Components,” Applied Surface Science, 254, 2008, 2136-2145.

5.9

M. Grujicic, V. Sellappan, B. Pandurangan, G. Li, M. Erdmann and J. Holzleitner,
“Computational Analysis of Injection-Molding Residual-Stress Development in DirectAdhesion Polymer-To-Metal Hybrid Body-In-White Components,” Journal of Materials
Processing Technology, accepted for publication, October 2007.

5.10 S. Keeler, “Determination of Forming Limits in Automotive Stampings,” Sheet Metal
Industries, 42, 1968, 683-691.
5.11 T. Pepelnjak and K. Kuzman, “Numerical Determination of the Forming Limit Diagrams,”
Achievements in Materials and Manufacturing Engineering, accepted for publication, 20,
January-February 2007, 1-2.
5.12 Moldflow Plastics Insight, Version 6.1, User Documentation, Moldflow Corporation,
Framingham, MA, 2006.
5.13 Manufacturing Solutions: HyperForm, Altair Engineering Inc., www.altair.com
5.14 ABAQUS, Version 6.7, User Documentation, Dassault Systems, www.3ds.com

175

5.15 MATLAB, The Language of Technical Computing, 7th Edition, 2006 (The Math Works
Inc., MA.
5.16 A. Needleman, "A Continuum Model for Void Nucleation by Inclusion Debonding,” J.
Appl. Mech., 54, 1987, 525-531.

5.17 Cambridge Engineering Selector, http://www.grantadesign.com/
5.18 World Auto Steel, http://www.ulsab-avc.org/

176

CHAPTER 6
CONCLUSIONS AND FUTURE WORK
6.1 General Discussion and Concluding Remarks
As stated in Chapter 1, the main objective of the present investigation was to establish
using various computational analyses, the suitability of the direct adhesion PMH technology for
use in load-bearing BIW components. In addition, the compatibility of this technology with a
current BIW manufacturing process chain had to be investigated. Towards that end, several
computational analyses were undertaken whose brief description and the main finding are
summarized below:
First, a comprehensive multi-disciplinary computational analysis is developed to assess
the potential use of a direct-adhesion polymer metal hybrid (PMH) technology in load-bearing
body-in-white (BIW) automotive structural components. The analysis encompassed: (a) injectionmolding process simulation and component manufacturability assess unit; (b) Determination of
processing-induced residual stresses in the component, cooling and solidification induced
shrinkage and warping, (c) Determination of the spatial distribution and the extent of material
anisotropy; (d) Assessment of the ability of the PMH component to endure a typical E-coat curing
treatment; and (e) the extent of polymer-to-metal adhesion needed to attain a significant
component-weight reduction. Using a generic automotive BIW component, as a test structure, the
analyses showed that the direct-adhesion PMH technology may have a future in load-bearing
BIW structural components provided a durable polymer-to-metal adhesion with a strength
exceeding 10MPa can be achieved.
Next, a comprehensive review is provided of the public-domain literature dealing with
various polymer-to-metal direct-adhesion efforts. The efforts and their results were critically
assessed with respect to their potential use in the BIW load-bearing applications. The analysis
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included both the consideration of the functionality and durability of the BIW load-bearing
components and the compatibility of various PMH technologies within the BIW manufacturing
process chain. The overview of the literature revealed that while considerable amount of research
has been done in the PMH direct-adhesion area, many aspects of these technologies which are
critical from the standpoint of their use in the BIW structural applications have not been
addressed (or addressed properly). Among the PMH technologies identified, the one based on
micro-scale mechanical inter locking between the injection-molded thermoplastic polymer and
stamped-metal structural rib component was found to be most promising. To fully utilize this
approach, however, it was found that a polymer spraying technology may need to be employed.
This would enable the deposition of a thin highly-adherent polymer-coat over the selected portion
of the metal stamping. During the subsequent injection molding process, the plastic reinforcing
substructure would be injection molded against the polymer over-coated stamping ensuring a
good polymer-to-polymer adhesion.
Then, a comprehensive review is provided of the public-domain literature dealing with
various powder-coating processes suitable for the fabrication of a polymer-coat/overlay within a
U-shape BIW metal-stamping structural component which will be subsequently hybridized using
the polymer-to-metal direct-adhesion injection-molding process. After the product (overlay
coating) requirements and the capabilities/attributes of the various processes were identified, a set
of engineering-design tools (e.g. the quality functional deployment, decision matrix, etc.) were
used to identify the screen-out non-suitable processes and to rank the remaining ones. A detailed
cost analysis is carried out while assessing the criteria used for ranking the candidate powdercoating processes. Cold-gas dynamic-spray process was identified as a prime candidate for the
BIW structural-component hybridization application at hand. While no public domain data exist
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regarding the ability of the cold-gas dynamic-spray process to deposit nylon a transient non-linear
computational analysis carried out in a companion work suggested that such a process is feasible.
Lastly, a comprehensive set of quasi-static and dynamic structural mechanics and sheetmetal forming/thermoplastic injection-molding process simulation analyses are carried out in
order to assess suitability/feasibility of a direct-adhesion polymer-metal-hybrid technology in
which metal stampings are made of high-strength low-ductility steels and the a typical (5MPa)
level of polymer-to-metal adhesion strength is present. The results suggest that the most
challenging requirement presented to the direct-adhesion PMH technology is the attainment of the
component’s bending stiffness. In other words, if the bending stiffness is to be maintained at the
level presented in the original twin-shell all-metal component design very small (if any)
component weight reduction can be attained using this PMH technology. If bending stiffness is
not the main constraint associated with the hybridization of a load-bearing BIW component, then
more significant reductions in the component weight can be attained using the direct-adhesion
PMH technology.
6.2 Suggestion for Future Work
In the present work, a fairly comprehensive multi-disciplinary computational
investigation was carried out of various materials, processing, performance and durability issues
related to the direct-adhesion PMH technologies while additional computational work could be
carried out related to the component/process optimization, the end-of-life of the vehicle, etc. It
appears more critical that the future work pertaining to the assessment of the suitability of the
direct-adhesion PMH technologies in the load-bearing BIW components should be done
experimentally. Among the specific experimental investigations which should be carried out, the
following appear to meet more immediate attention:
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(a) Experimental investigation of the polymer-to-metal adhesion strength which can be
attained using the micro-scale mechanical interlocking direct-adhesion approach;
(b) Experimental investigation of the durability of polymer-to-metal bond which can be
attained using the micro-scale mechanical interlocking direct-adhesion approach; and
(c) Experimental investigation of the ability of the cold-gas dynamic spray technology to
deposit a nylon-based coating onto the stamped steel sub-component while ensuring the necessary
level of the polymer-to-metal adhesion strength and its long-term durability.
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